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ABSTRACT 

L? 
/ 7 7 6 L  1 

A th i r ty- tonine ty-day  o r b i t a l  study of the e f f e c t s  of 
sus ta ined  space f l i g h t  upon physiologic performance has  
been designed u t i l i z i n g  experimental animals (pr imates)  as 
the  subjects .  The study emphasizes complete assessment of 
the performance of the cardiovascular and r e sp i r a to ry  sys- 
t e m s .  Three techniques a r e  u t i l i z e d :  continuous measure- 
ment and telemetryof physiologic performance of c r i t i c a l  or-  
gan systems; an i n f l i g h t  sensory-motor study making use of 
an operant  conditioning schedule; a complete i n f l i g h t  me- 
tabolic-balance study and p re f l igh t -pos t f l i gh t  organ func- 
t i o n  tests. 

Systems ana lys i s  of a l t e rna t ive  o r b i t a l  systems has  
been performed and weight, power and s imi l a r  requirements 
a r e  presented f o r  recoverable vs  nonrecoverable systems, 
b a t t e r y  power vs s o l a r  power, f o r  Rhesus monkeys and chimpan- 
zees  of var ious numbers, and for missions of var ious durat ions.  

Key biosensors su i t ab le  fo r  t h i s  o r b i t a l  program a re  
under development i n  t h i s  laboratory.  A f l i g h t  model im- 
p lan tab le  electromagnetic blood flowmeter f o r  continuous 
measurement of cardiac output and reg iona l  bloodflow has 
been designed and tested. A laboratory model of t h i s  same 
device has been fabr ica ted  f o r  use  i n  s imulat ion chambers, 
l abora tor ies ,  and hospi ta ls .  A prototype implantable oxi- 
m e t e r  has been designed and fabr ica ted  f o r  measurement of  
blood oxygen sa tu ra t ion  within var ious blood vesse l s  of the  
body. An implantable hematocrit sensor has been fabrica-  
ted and implantable blood pressure t ransducers  have been 
evaluated. - 
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I. STATUS OF THIS PROGRAM 

This report summarizes the progress on Research Grant 
NsG-112-61 from August 1, 1962 through July 31, 1963. This 
program has been devoted to a study of the "Development of 
Physiological Biotechnology Suitable for Sustained Satellite 
Studies. 

At the request of the program's monitor, the Director 
of Biotechnology, Division of Biotechnology and Human Re- 
search, Office of Advanced Research and Technology, and orbi- 
tal experiment was designed for an "Experimental Assessment 
of the Effects of Sustained Space Flight on Physiological 
Performance. 
bital experiment utilizing primates was prepared. This pro- 
gram makes use of three techniques: (1) continuous measure- 
ment and telemetry of the physiological performance of criti- 
cal organ systems; (2) an inflight motor study on an operant 
condition in the schedule; and (3) a series of preflight and 
postflight organ testsandan inflight complete metabolic 
balance study. By far the most important of these techniques 
is the continuous measurement and telemetry of physiological 
performance of critical organ systems, and is accomplished 
by means of advanced electronic biosensors surgically im- 
planted in the subject primates prior to flight. The most 
important biosensors are under development by NASA in this 
laboratory. By means of these biosensors, a quantitative 
assessment of the performance of the two most critical organ 
systems (cardiovascular and respiratory) in relation to the 
demands placed upon them by the stresses of sustained space 

11 An experimental design for a 30- to 90-day or- 
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flight can be precisely obtained. 
for the sustained orbital study constitutes Sec. I1 of this 
report. 

The experimental design 

A systems analysis of alternative orbital systems to 
support sustained orbital studies was performed. Calcula- 
tions of weight, power requirements, etc., of such systems 
and possible trade-offs were made for alternative systems 
such as recovery versus non-recovery, battery power versus 
solar cell power, Rhesus monkey subjects versus chimpanzees, 
various numbers of experimental animals and various mission 
durations. Section I11 of this report presents this analy- 
sis. 

Several biosensors suitable for physiological studies 
in space are under development in this laboratory. 

Section IV of this report describes progress in elec- 
tromagnetic blood flowmeter research during the report per- 
iod. Accurate, reliable and stable instruments for the 
measurement of cardiac output have been designed, constructed 
and tested. A model suitable for space flight studies has 
been designed, fabricated and tested. Two problems which 
interfere with ideal flowmeter performance on blood vessels 
other than the aorta and pulmonary artery remain incom- 
pletely solved. Experimentation has continued directed 
toward the solution of these two problems: the establish- 
ment of an absolute electronic zero and the elimination of 
the so-called "proximity effect ." These phenomena do not 
pose a problem in flowmeter instrumentation of the aorta or 
pulmonary artery, as, for example, in the orbital experiment 
design. A general purpose laboratory-type flowmeter suit- 
able for use in any experimental laboratory has been de- 
signed and fabricated during the current report period. This 

-2- ~-3/168 
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unit is entirely self contained and has many ancillary com- 
ponents that make it especially easy to use in laboratories 
without engineering expertise. 

A second biosensor,important not only for space studies 
but for general medical investigation, is an implantable trans- 
ducer for continuously measuring blood oxygen saturation with- 
in various vessels of the body. This device has been under 
development during the current report period. Prototype models 
which have been constructed and evaluated have proved quite 
satisfactory. Research activities in this area are described 
in Sec. V of this report. 

Section VI describes the prototype chronic implantable 
hematocrit sensor developed during this report period. 

Section V I 1  covers evaluation studies of commercially 
available pressure transducers suitable for chronic implan- 
tation for blood pressure measurements. 

Section VI11 of this report describes initial feasibility 
studies of the "Pulsed Doppler" flowmeter by means of which 
blood flow in various blood vessels within the body would be 
measured from a transducer wholly external to the body. 

~-3/168 -3- 
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11. THE ASSESSMENT OF THE EFFECTS 
OF SUSTAINED SPACE FLIGHT ON PHYSIOLOGIC PERFORMANCE: 

AN EXPERIMENTAL DESIGN 

A. RATIONALE FOR ASSESSING THE PHYSIOLOGIC EFFECTS OF SUS- 
TAINED SPACE FLIGHT ON EXPERIMENTAL ANIMALS 

Man will play a primary and central role in future space 
flight and exploration, Consequently, the success or failure 
of these missions will depend upon man's ability to maintain 
a high level of physiologic performance under the stresses 
imposed during sustained periods in space. Little, however, 
is actually known about the effects upon human physiology of 
sustained periods in space. Nor can such information be 
gleaned from experiments performed on earth, since the space 
ambient is neither completely defined nor can it be satisfac- 
torily simulated upon earth (the absence of gravity, remote- 
ness of magnetic fields, heavy primary cosmic ray flux, etc.). 

As part of its mission, the Division of Biotechnology 
and Human Research of the Office of Advanced Research and 
Technology, National Aeronautics and Space Administration, 
has been concerned with the effect of sustained space flight 
upon human physiology. Since man is a critical component of 
space systems even now being planned, it is important to as- 
sess the effects of sustained periods in space upon physiologic 
performance as soon as possible. Then, if degradaeons of 
physiologic processes are found to occur, studies to eliminate 
or compensate for these disabilities can be instituted at 
once rather than at some later critical time when giant pro- 
grams may have to be delayed or halted to await the results 
of biological investigation. 

-4- P-31168 
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Valuable and interesting information in this general area 
has already been acquired from the Mercury flight program. 
mere fact of survival carries with it gross physiological im- 
plications. The additional fact that the few physiological 
parameters monitored deviated little from normal is of inter- 
est, as is the information that the astronaut pilots felt 
good and were themselves unaware of any physiologic degra- 
dation. 

The 

Unfortunately, the Mercury flights were of brief duration 
in contrast to the sustained periods that have relevance to 
future programs. The physiologic parameters monitored were 
rather incidental to critical organ and system function. And 
it is quite possible to suffer considerable impairment of 
physiologic processes without subjective awareness. 

Since man will be a critical component and perhaps the 
critical component of space systems of the future, it is im- 
portant that physiologic performance and reliability be as- 
sessed with the same sensitivity, precision and objectivity 
with which performance and reliability of other components 
of space systems are assessed. At this state-of-the-art of 
both biomedical instrumentation and space flight, such stu- 
dies are most aptly performed with experimental animals. 

There are a number of reasons why experimental animals 
rather than men are the appropriate subjects in which to 
study the effects of sustained periods in space upon physio- 
logic performance. One of these is the rather considerable 
risk inherent in a sustained orbital mission at this time. 
From the point of view of experimental design, it would be 
highly desirable to have the experiment continue well be- 
yond the earliest indications of physiologic impairment of 
the subject and well into physiological destruction, should 
that occur. 

P-31168 -5- 
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A second and practical consideration has to do with pay- 
load capacities of available booster vehicles. Present ve- 
hicles can orbit quantities of life support materials capable 
of supporting only animals considerably smaller than man for 
the 30 to 90 days specified for this experiment. 

Perhaps the most important consideration, however, has 
to do with the differences in physiologic information that 
can be acquired from experimental animals versus human sub- 
jects. At the present state-of-the-art of biotechnology, 
biosensors capable of acquiring meaningful measures of cri- 
tical organ and system physiologic performance from human 
subjects during space flight simply do not exist. With 
experimental animals, on the other hand, since it is pos- 
sible to perform surgical operations and strategically place 
biosensors within the bodies of the animals, advanced bio- 
sensors do exist that will monitor critical measures of phy- 
siologic performance for weeks, months or even years. 

Information acquired in this manner from experimental 
animals will be directly applicable to human astronauts. This 
is, in fact, the fundamental modus operandi of medical science. 
Questions of human physiology are most often answered in the 
experimental animal laboratory. In actuality, the overwhelm- 
ing predominance of information ‘found in textbooks of human 
physiology is based on data from animal experiments. 
dogs and monkeys are not men, hearts are hearts, ‘livers are 
livers, lungs are lungs, and so forth; and within certain well 
recognized constraints the physiological systems of the vari- 
ous higher mammals, including man, function according to the 
same principles and follow the same laws. Not only is the 
overwhelming predominance of that body of knowledge comprising 
human physiology acquired from experimental animals, but even 
such matters as the technical details of complex surgical op- 

For while 
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eration-s such as for heart disease, peptic ulcer, etc., are 
worked- out upon experimental animals and applied directly to 
patients. There is no question that conclusions concerning 
the effect of sustained periods in space upon physiologic 
performance acquired from experimental animals will be di- 
rectly applicable to astronauts. 

The biological experiment designed to study the effects 
of sustained periods in space upon physiologic performance, 
the rationale of its concepts and the methods of implemen- 
tation are presented in the following sections. With a view 
toward obtaining data applicable to manned missions of the 
future, the Office of Advanced Research and Technology chose 
thirty-to-ninety days of earth orbit as the mission profile 
for this study. 

In general, attention was focused upon the most impor- 
tant organ systems. Only methods furnishing meaningful mea- 
sures of organ and system function were selected, and methods 
furnishing data either not readily interpretable or simply 
interesting" were rejected. Reliability of the experimental 

method and safety of the experimental animals were given high 
priority. Thus techniques such as electrocardiograms and 
electroencephalograms were not included because of the un- 
certainty of interpretation and uncertainty regarding the 

11 

significance of deviations of wave patterns from normal: 
methods of requiring puncture of blood vessels or insertion 
of catheters or other instruments into the blood stream were 
not included because of the high probability of bleeding or 
blood clots. Biosensor transducers requiring or permitting 
surgical implantation inside the experimental subjects's 
body were uniformly selected in order that interference with 
instrumentation by the experimental animal, a very real 
hazard, could be avoided. 

~-3/168 -7- 
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B. CHOICE OF EXPERIMENTAL ANIMALS 

Because of t h e i r  pos tu ra l  resemblances t o  man and t h e i r  
a b i l i t y  t o  l ea rn  f a i r l y  complex p r e - f l i g h t  psychological 
t r a i n i n g  programs, small monkeys o r  chimpanzees w e r e  chosen 
a s  the  experimental subjec ts .  

Consultation with the  primate l abora to r i e s  of the  National 
I n s t i t u t e  of Neurological Diseases and Blindness, the  Holloman 
A i r  Force Base, and with individual  i nves t iga to r s  having ex- 
tens ive  experience with both monkeys and chimpanzees, r e su l t ed  
i n  a uniform consensus of opinion s t rongly  i n  favor of chim- 
panzees for the  type of program considered. The marked pre- 
ference for chimpanzees i n  favor of small monkeys w a s  based 
pr imari ly  on the  superior  i n t e l l i gence  of the  chimpanzees and 
t h e i r  markedly grea te r  t r a c t a b i l i t y .  It was f e l t  t h a t  not  only 
more meaningful psychological programs could be taught t o  the  
chimps, but t h a t  t h e i r  superior  i n t e l l i gence  would be a decided 
advantage i n  helping them t o  survive an extended o r b i t a l  period. 

The d i s t i n c t  advantage of animal t r a c t a b i l i t y  should not  
be minimized. I n  a program such as the  one envisaged, it w i l l  
be necessary t o  work with animals f o r  periods w e l l  over a year.  
After a period of gent l ing,  young chimpanzees can be r ead i ly  
handled, r e l a t ed  t o  and communicated with. Their general  de- 

portment often resembles t h a t  of a mischievous pre-teenage 
youngster. I n  con t r a s t ,  young rhesus and r e l a t e d  monkeys re- 
main p e r s i s t e n t l y  h o s t i l e  and m u s t  be caut iously handled and 
overpowered whenever used. There i s  a marked and decided ad- 
vantage t o  using t r a c t a b l e  animals i n  a program where animals 
must  be worked with almost d a i l y  f o r  an extended period of 
t i m e .  

Chimpanzees fo r  an o r b i t a l  program should be i n  the  t h i r t y -  
to-thirty-five-pound weight range. Rhesus monkeys and r e l a t e d  
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monkeys may be as small as eight pounds, but monkeys approach- 
ing twelve-to-fifteen-pound range would be more desirable. 

Because of the questionable significance of any positive 
experimental findings in a study in which only one experi- 
mental subject is used, it is most important that more than 
one animal be used in each flight. Orbital systems for chim- 
panzees or rhesus monkeys, or combinations thereof, are con- 
sidered in the Sec. I11 of this report. 

C. PHYSIOLOGIC PRINCIPLES 

The experiment is designed with special attention focused 
on the body's most vital physiologic systems. For the benefit 
of readers for whom mammalian physiology may be a bit remote, 
a brief review of fundamentals follows. 

In the early paleontological eras that witnessed the dawn 
of life on this planet, the earliest animal forms were unicel- 
lular organisms that lived in the sea. They acquired from the 
sea around them the oxygen and other nutriments to sustain 
life and they excreted into their immediate environs the waste 
products of cellular metabolism. (Fig. 1A) 

With the evolution of multicellular forms, and especially 
with the evolution from sea to land forms, each cell was no 
longer in contact with the organism's environment. There evol- 
ved, as a consequence, an 'I internal sea'' of body fluids that 

bathed each cell. From this "internal sea" each cell obtained 
the oxygen and other nutriments necessary to support life pro- 
cesses and into this "sea" the waste products of cellular meta- 
bolism were excreted. (Fig. 1B) 

The circulatory system developed as a highly specialized 
transport and distribution system to carry oxygen and other 
nutriments to the "internal sea" that bathed each cell and to 
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1 

UNICELLULAR ORGANISM 

HIGHER L I F E  FORMS 

LUNG AIR SAC 

TISSUES 

Fig .  1 Relat ion of Living C e l l s  t o  Their  Environment 
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carry away the carbon dioxide and other products of cellular 
metabolism. The red blood cells suspended in the fluid por- 
tion of the blood and transported around the body by the cir- 
culatory system evolved as packets of complex organic mole- 
cules particularly adapted to carrying large amounts of oxygen 
and carbon dioxide. 

The respiratory system developed into a specialized me- 
chanism for transferring oxygen from the breath atmosphere 
into the blood and for transferring the carboned dioxide from 
the blood out into the atmosphere. The lungs are made of 
millions of tiny thin-walled air sacs called alveoli. The 
thin alveolar walls, or membranes,combined have a huge surface 
area which is in intimate contact with the blood stream. The 
transfer of gases across the alveolar membrane takes place by 
simple diffusion. Blood entering the lungs comes from the 
tissues and is rich in carbon dioxide and poor in oxygen. 
Consequently, in the lungs there is a transfer of carbon di- 
oxide from the blood into the air sacs and a transfer of oxy- 
gen from the air sacs into the blood. Because of the hemo- 
globin molecules of the red blood cells, very large quantities 
of gases can be carried by the blood. In the tissues the op- 
posite transfer takes place: Oxygen diffuses from the blood 
into the "internal sea"; carbon dioxide diffuses from the 
tissues into the "internal sea" and then into the blood. The 
diffusion gradient that determines the level of oxygen and 
carbon dioxide in the blood is determined by the rate at which 
oxygen is utilized and carbon dioxide produced by the tissues 
and the rate at which the alveoli are ventilated with fresh 
gas. Thus, for the system to perform satisfactorily, the level 
of metabolic activity by the tissues must be parallelled by 
changes in the ventilation of gases into and out of the lungs. 
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Venti la t ion must be s u f f i c i e n t  t o  m e e t  demand, bu t  not  
excessive,  f o r  carbon dioxide i s  the most important buf fer  
material i n  body chemistry and va r i a t ions  i n  the amount of 
carbon dioxide t h a t  are out  of t h e  range of normal cause 
disturbances i n  the bodyPs  acid-base chemistry. 

The biochemical pathways of c e l l u l a r  m e t a b o l i s m  a r e  oxy- 
gaen dependent and the more s e n s i t i v e  t i s s u e s  of t h e  body, 
such as t h e  b r a i n  and heart, can survive only a f e w  minutes 
if deprived of oxygen. T h i s  i s  t h e  reason why the cardio- 
vascular and r e sp i r a to ry  systems are the t w o  most c r i t i c a l  

systems i n  t h e  body. 

The energy t o  t ranspor t  blood throughout t h e  c i r cu la t ion  
comes from the per iodic  contract ion of the heart (F ig .  2 ) .  

Figure 2 is a diagramatic representat ion of the cardiovascu- 
l a r  system. It w i l l  be noted t h a t  t h e  hea r t  functions as two 
pumps. The r i g h t  heart receives  from the t i s s u e s  blood low 
i n  oxygen concentration and high i n  carbon dioxide concentra- 
t i o n .  The r i g h t  heart pumps blood t o  t h e  lungs w h e r e  carbon 
dioxide leaves the  blood and oxygen en ters ,  and t h e  oxygen- 
a ted  blood continues t o  the l e f t  hear t .  

The l e f t  heart, l i k e  the r i g h t  heart ,  i s  a pump which 

operates  w i t h  var iab le  s t roke ra te  and s t roke  volume. The 

l e f t  hear t  pumps blood i n t o  the l a rge  ar ter ia l  tree which 
operates  as  a pressurized reservoi r  o r  surge tank, kept a t  
a su i t ab le  pressure head by the  var iab le  s t roke output and 
stroke r a t e  of t he  h e a r t .  B a r 0  receptors  posit ioned i n  the  
w a l l s  of t h e  a r t e r i a l  tree operate as pressure sensors  and 
through feedback c i r c u i t s  v i a  nerve pathways, send s igna l s  
t ha t  adjust  hea r t  ra te  and s t roke volume i n  order  tha t  the  

a r te r ia l  reservoir  m i g h t  be kept within a physiologic range 
of pressures.  
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F i g .  2 D i a g r a m a t i c  R e p r e s e n t a t i o n  of the Cardiovascular 
C i r c u l a t o r y  S y s t e m  
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The organs and t i s s u e s  of t he  body receive blood from t h e  
mult iple  branching a r te r ia l  system. These organs and t i s s u e s  
are aligned i n  p a r a l l e l  and tap-off t he  pressurized a r te r ia l  
r e se rvo i r .  I n  general ,  by va r i a t ions  of t h e  smallest branches 
of t h e  arterial  t ree  contained within t h e  organs and t i s s u e s ,  
blood f l o w  i s  divided among t h e  various organs and regulated 
i n  each individual organ a t  a l e v e l  cons is ten t  with t h a t  or-  
gan 's  metabolic needs. 

D .  THE INTEGRATED PERFORMANCE OF THE CRITICAL LIFE SYSTEMS: 
CARDIOVASCULAR AND RESPIRATORY 

Figure 3 dep ic t s  t h e  in tegra ted  performance of these  two 
most c r i t i ca l  systems. 

The performance of l i f e  processes by cells,  t i s s u e s  and 
organs required a c e r t a i n  l e v e l  of metabolic a c t i v i t y  which 
i s  oxygen dependent ( A ) .  I t  is  consequently necessary t h a t  
adequate oxygen be del ivered t o  t h e  t i s s u e  ( B )  and t h i s  re- 
qu i r e s  the  combined s a t i s f a c t o r y  performance of both cardio- 
vascular ( C )  and r e sp i r a to ry  ( D )  systems. The h e a r t  and 
c i r cu la t ion  must de l ive r  a s a t i s f a c t o r y  t o t a l  volumetric 
blood flow ra te  t o  t h e  t i s s u e s  and organs ( E ) .  The resp i ra -  
t o r y  system i s  responsible fo r  maintaining an adequate con- 
cent ra t ion  of oxygen and carbon dioxide i n  t h e  blood t h a t  i s  
del ivered ( F )  . 

To accomplish i t s  t a sk  of maintaining an adequate t o t a l  
volumetric blood flow rate,  t h e  h e a r t  must perform a p a r t i -  
cu la r  l eve l  of ex terna l  mechanical work (G). 
complished by var iab le  dynamics of card iac  contract ion and 
re laxa t ion  ( H )  and through va r i a t ions  i n  s t roke  volumes ( I )  

and s t roke ra tes  ( J )  aga ins t  varying per iphera l  r e s i s t ances  

This i s  ac- 

(K) ' 
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The task of t h e  r e sp i r a to ry  system i s  t o  e f f e c t  a s u i t -  
able concentration of oxygen and carbon dioxide i n  t h e  blood 

t h a t  passes through t h e  lungs ( F ) .  
t ransfer r ing  su i t ab le  q u a n t i t i e s  of oxygen and carbon dioxide 
between the blood and t h e  ambient atmosphere. These gases 
are t ransfer red  by simple d i f fus ion  and consequently t h e  
q u a n t i t i e s  t ransfer red  a re  determined by t h e  amounts of oxy- 
g e n  used and carbon dioxide produced by t h e  t i s s u e s  ( L ) ,  

t h e  volume of ambient gas  ven t i l a t ed  i n t o  and out  of t h e  
lungs ( M )  and t h e  d i f fus ioncha rac t e r i s t i c s  ( N )  of t h e  lung. 
This l a s t  i t e m  can be character ized by t h e  d i f fus ion  gra- 
d i e n t s  for  oxygen and carbon dioxide.  
(volume of gas  per u n i t  t i m e )  i s  a function of t h e  i n t e r -  
play resp i ra tory  r a t e  ( P )  and the  t i d a l  volume ( Q )  (volume 
per b rea th ) .  The t i d a l  volume ( Q )  i n  t u rn ,  i s  dependent 
upon t h e  pressure gradient  t h a t  forces  ambient gas  i n t o  
t h e  lungs ( R )  ( no t  p a r t i a l  pressure,  bu t  t o t a l  p ressure)  

and t h e  compliance of t h e  lungs ( S )  ( t h e  ease o r  d i f f i c u l t y  
with which t h e  a i r  sacs  w i l l  f i l l ) .  The pressure gradient  
responsible fo r  moving the  a i r  i n t o  and out  of t h e  lungs i s  

t h e  pressure between the  ambient pressure and t h e  pressure 
within the  chest cav i ty .  The pressure within t h e  chest  ca- 
v i t y  goes negative with respect  t o  ambient pressure when t h e  
chest  w a l l  expands and diaphragm cont rac ts  ( i n s p i r a t i o n ) ;  it 
goes pos i t ive  with respect  t o  ambient pressure when t h e  chest  
w a l l  and diaphragm re l ax  and r e tu rn  by e las t ic  forces  t o  

t h e i r  former s ta te  ( e x p i r a t i o n ) .  

This i s  accomplished by 

Lung v e n t i l a t i o n  (m)  

The integrated in t e rp l ay  of a l l  of these  f a c t o r s  r e s u l t s  
i n  s a t i s f a c t o r y  performance of t he  r e sp i r a to ry  system. The 
overa l l  performance of t h e  r e sp i r a to ry  system i s  geared t o  
m e e t  t h e  needs of body energy metabolism. A g r e a t  number of 
combinations and permutations of t h e  various f a c t o r s  t h a t  
i n t e r p l a y  with each o ther  can s a t i s f a c t o r i l y  furn ish  oxygen 
and el iminate  carbon dioxide t o  m e e t  bodi ly  needs. 
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E. NATURE OF INFORMATION AVAILABLE FROM A PHYSIOLOGICAL 

EXPERIMENT I N  SPACE 

What information concerning the  performance of the bodyts 
two most c r i t i c a l  physiological systems can be acquired from 
an o r b i t a l  mission? Since the Mercury program represents  the  
s ta te-of- the-ar t ,  le t  us review b r i e f l y  what has been obtain- 
able  from the Mercury program. 

In  the  nine Mercury f l i g h t s  it has been poss ib le  t o  mea- 
s u r e  h e a r t  r a t e ,  resp i ra tory  r a t e  and occasional  a r t e r i a l  
blood pressures .  As can be seen from the  somewhat s impl i f ied  
diagram of cardiovascular-respiratory system performance of 
Fig.  3> these p a r t i c u l a r  physiologic phenomena a re  highly de- 
pendent and inc identa l  parameters of card io- resp i ra tory  fune- 
t i on .  
whether o r  not  the cardiovascular and r e sp i r a to ry  system a re  
functioning adequately o r  inadequately. As a matter of fact ,  
values  f o r  each of these parameters may be within c e r t a i n l y  

normal" l i m i t s  a t  a time tha t  the physiological  systems are 
no t  meeting the  demands being placed upon them. O r  a l te rna-  
t i v e l y ,  qu i te  abnormal" values may be indica tors  of the re- 
sponse the  physiologic systems a re  making t o  (adequately) 
perform t h e i r  function. Unfortunately the  physiological  sen- 
s o r s  avai lable  and used did not permit an assessment of how 
adequately o r  inadequately these two most c r i t i c a l  physio- 
l og ic  systems a re  doing t h e i r  job. 

They a re  not p a r t i c u l a r l y  reveal ing i n  ind ica t ing  

41 

11 

The Program s e t  f o r t h  i n  t h i s  repor t  f rankly emphasizes 
performance of the cardio-vascular and r e sp i r a to ry  system, 
s ince  they a re  the body t w o  most c r i t i c a l  systems. I f  max- 
imum useis  madeof su rg ica l  implantationofbiosensorsin experi-  
mental animals, EACH AND EVERY ONE O F  THE CARDIO-VASCULAR AND 

RESPIRATORY PHENOMENA LISTED I N  F I G .  3 CAN BE CONTINUOUSLY 

MEASURED AND/OR COMPUTED (see Sec. I V )  . The adequacy with 
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which any of the systems is meeting the demands placed upon 
them, and the demands themselves, can be quantitated, AND 

each and every one of these phenomena can be monitored and/or 
computed continuously during lift-off, sustained earth orbit, 
reentry and landing with the information telemetered. 

Items one through seven of Fig. 4 list those cardio-res- 
piratory physiological phenomena to be directly measured and 
the technique by which the measurement will be made. Figure 
4 also contains information concerning power requirements, 
signal bandwidth and weight of flight equipment. 
biosensors listed in Fig. 4 are either used individually to 
monitor each of the physiologic phenomena depicted in Fig. 3 
or are used in combination to compute the phenomena from the 
equations shown. 

These seven 

F. IMPLEMENTATION OF CARDIOVASCULAR AND RESPIRATORY STUDIES 
BY IMPLANTABLE BIOSENSORS 

In the experiment designed, the cardiovascular and res- 
piratory phenomena depicted in Fig. 3 will be continuously 
monitored and/or computed by means of a surgically implanted, 
composite electronic biosensor consisting of the first seven 
instruments listed in Fig. 4. 

The volumetric output of the left heart will be measured 
stroke by stroke by means of a miniaturized, transistorized 
electromagnetic flowmeter (Fig. 4, Item #3) the transducer 
probe of which encircles the base of the aorta (the blood ves- 
sel carrying blood from the left heart to the tissues). 
corporated in the same transducer probe will be a pair of min- 
iaturized spectrophotometric backscatter devices (Items 1 & 2) 
employing injection lasers and solid state photodetectors. 
By means of these spectrophotometric devices arterial oxygen 
saturation will be continuously measured through the wall of 

In- 
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t h e  a o r t a  and venous oxygen sa tu ra t ion  measured through the  
w a l l  of the  adjacent pulmonary a r t e r y  (which c a r r i e s  t he  ven- 
o u s  blood t h a t  has come from the  t i s s u e s  from the  r i g h t  h e a r t  
t o  t he  lungs) (Fig.  2 ) .  

Phasic blood pressure within t h e  l e f t  v e n t r i c l e  o r  ar-  
t e r i a l  blood pressure w i l l  be measured by means of a minia- 
t u r i zed  so l id-s ta te  p i ezo res i s t i ve  element s i t u a t e d  between 
the  endocardium of the  l e f t  ven t r i cu la r  chamber or outs ide  
the  aor ta .  (#4) Pleural  pressure w i l l  be measured by a 
s imi l a r  transducer (#5> located i n  the  p l e u r a l  space,  the  
space between the  ches t  wal l  and the  lungs. Carbon dioxide 
p a r t i a l  pressure w i l l  be measured by a mico-miniaturized 
polarographic (#6) e lec t rode  incorporated i n  the  composited 
sensor.  And resp i ra tory  r a t e  and volume w i l l  be measured 
e i t h e r  by means of the impedance pneumograph or  in t eg ra t e  
diaphragmatic electro myogram (#5): the  f i r s t  of these de- 
v i ces  senses the  e l e c t r i c a l  impedance between t w o  e lec t rodes  
placed on e i t h e r  s ide  of the  chest  cav i ty ;  t he  second of 
these quant i ta tes  the  mean e l e c t r i c a l  s igna l s  t h a t  accompany 
contract ion of the  musc le  f i b e r s  t h a t  make up the  diaphragm. 

The surg ica l ly  implanted transducer probe port ions of 
these instruments w i l l  be physical ly  incorporated i n t o  a 
s ing le  biosensor s t r a t e g i c a l l y  located i n  the  an imalPs  medi- 
astinums. None of these sensors w i l l  be in se r t ed  i n t o  blood 
vesse l s  or w i l l  come i n t o  contact  with blood, f o r  t he  l ike-  
l ihood of  hemorrhage and/or blood c l o t t i n g  under such circum- 
stances i s  prohib i t ive .  An appropriately placed e l e c t r i c a l  
connector s i t u a t e d  beneath the  sk in  w i l l  be used t o  de l ive r  
power t o  the composite probe and w i l l  conduct t he  e l e c t r i c a l  
output  s igna ls  t o  the  s i g n a l  processing modules located else- 
where i n  the space capsule 
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Returning t o  Fig.  3, oxygen sa tu ra t ion  of a r te r ia l  blood 
( i n  A, B, F )  and mixed venous blood w i l l  thus  be d i r e c t l y  m e a -  
su red ,  S imi la r ly  t h e  volumetric output of t h e  l e f t  h e a r t  
(A, B, G )  w i l l  be d i r e c t l y  measured. The  d i f fe rence  between 
ar ter ia l  and venous oxygen sa tura t ion  mul t ip l ied  by the car- 
d i a c  output w i l l  continuously revea l  t h e  moment-by-moment 
oxygen u t i l i z a t i o n  of t h e  a n i m a l  (A) which i s  t h e  s ing le ,  most 

c r i t i ca l  measure of t o t a l  body energy expenditure.  A t  pro- 
grammed i n t e r v a l s  during o r b i t ,  the animal w i l l  perform graded 
and measured muscular exercise t a s k s  i n  which it has previously 
been t r a i n e d .  The manner and ex ten t  t o  w h i c h  a sustained per- 
iod  i n  space alters t o t a l  body energy expenditures and require-  
ments a t  rest and during work ( t h e  demands which t h e  physiologic 
systems must m e e t )  w i l l  thereby be assessed. 

Arterial oxygen sa tu ra t ion  mul t ip l ied  by cardiac output 
w i l l  continuously measure the amount of oxygen being de l ivered  
t o  t h e  t i s s u e s  (B). This parameter, as noted previously,  i s  a 
measure of t h e  in tegra ted  performance of t h e  cardio-vascular 
and r e sp i r a to ry  systems. 

Total  volumetric blood flow (cardiac output )  ( C )  (#1) w i l l  

be d i r e c t l y  measured. Ventricular blood pressure and/or arte- 
r i a l  blood pressure ( G ,  H, K )  (#4)  w i l l  be d i r e c t l y  measured 
and t h e  mechanical work being performed by t h e  hea r t  ( G )  is the  

i n t e g r a l  of t h e  product of card iac  output t i m e s  blood pressure,  
with respect t o  t i m e .  
h e a r t  ( G )  w i l l  be continuously computed and t h e  effect of the 

var ious phases of t h e  f l i g h t  p r o f i l e ,  t h e  sustained o r b i t a l  
s tate and va r i ab le  work loads under these  condi t ions on card iac  

work w i l l  be assessable. 

The  mechanical work performed by t h e  

Comparison of cardiac work, as so computed, and t o t a l  body 
energy expenditure, as computed above, w i l l  r evea l  t h e  adequacy 
of cardiac performance t o  meet metabolic needs. POSSIBLE DECRE- 
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MENTS IN CARDIAC WORK THAT APPEAR DURING FLIGHT WILL THUS BE 
ASSESSABLE AS DETERIORATION IN THE ABILITY OF THE HEART TO 
MEET BODILY NEEDS, OR ALTERNATIVELY AS ADAPTIVE ADJUSTMENTS 
IN CARDIAC WORK PARALIXLING A REDUCTION IN THE LEVEL OF BODY 
REQUIREMENTS. 

The dynamics of ventricular contraction and relaxation 
(H) will be directly monitored by the intraventricular pres- 
sure signals and cardiac output wave forms. Stroke volume 
(1) and stroke rate (J) are similarly directly measured by 
the electromagnetic flowmeter. 
pressure signal and the cardiac output signal, peripheral 
vascular resistance (K) will be continuously computed. There 
has been considerable discussion regarding the maintenance 
of peripheral vascular resistance or "tone" during extended 
periods in the nongravitational state. By these means the 
effect of the prolonged weightlessness on vascular tone and 
the added stress of reentry following weightlessness will be 
directly quantitated. 

From the ventricular/arterial 

As mentioned earlier, the role of the respiratory system 
is two-fold: (1) adequate oxygenation of the circulating blood, 
and ( 2 )  adequate but not excessive elimination of carbon dio- 
xide (F). These two functions will be directly and continuously 
monitored. The first, by the arterial oxygen saturation bio- 
sensor; (#1) the second, by the miniaturized implanted carbon 
dioxide polarographic electrode (#6).  Measurement of oxygen 
and carbon dioxide levels within the body and knowledge of the 
levels of these two gases in the spacecraft atmosphere define 
the diffusion gradients for these two substances (0), thereby 
characterizing the transfer characteristics of the lung (N) 

Minute ventilation (M), respiratory rate (P) and tidal 
volume will all be directly measured by the impedance pneumograph 
and/or the integrated diaphragmatic electro myogram (#5).  
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Direct measurement of the pressure within the pleural space 
( # 7 )  and knowledge of atmospheric pressure permits continuous 
computation of the pressure gradient (R) inflating the lungs. 
Computation of the ratio of tidal volume ( Q )  to this last 
pressure gradient defines the compliance of the lungs ( S )  and 
lung compliance is of considerable functional and diagnostic 
importance since it is the single most sensitive index of the 
physical state of the lungs. Arterial oxygen saturation, mea- 
sured directly as described above (#l), is the most sensitive 
indicator of perfusion-ventilation characteristics of the lungs 
And these two characteristics, compliance and perfusion-venti- 
lation characteristics are the most sensitive, meaningful and 
accurate methods known to modern sciences €or assessing the 
state of the lungs and evaluating any possible lung pathology 
that might occur during flight. 

G .  ADDITIONAL IMPLANTABLE BIOSENSORS 

Two additional biosensors, not directly measuring cardio- 
vascular nor respiratory phenomena, will be surgically implan- 
ted in the experimental animal and will furnish data for tele- 
metry (Figs. 4 & 5). 

One of these is a pair of miniature electrodes implanted 
beneath the skin on the temporal regions of the skull, either 
side of the eyes ( 9 ) .  
virtue of its metabolic activity, eye movements can readily be 
detected by sensing the potential difference between the two 
implanted as electrodes and eye position can be determined to 
1.5 degrees. 

Since the eye is an electrical dipole by 

Nystagmus, a jerky oscillatory movement of the eyes with 
a rapid component in the opposite direction, can be readily 
detected and quantitated by this technique. Nystagmus is in- 
timately associated with malfunction of the vestibular appara- 
tus, that portion of the inner ear that functions as three 
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mutually perpendicular accelerometers. Abnormalities in ves- 
tibular function, manifest by dizziness and motion sickness, 
have been experienced by both American and Russian astronauts 
and have been a cause of some concern during space flight. 

Through the use of flashing lights of various intensity, 
the visual threshold can be objectively determined. This same 
technique permits rather crude assessment of the limits of the 
visual fields. And, in addition, the temporal electrodes will 
also permit differentiation between periods of wakefulness and 
sleep, thereby permitting the evaluation of sleep-wakefulness 
cycles during sustained orbit in space. 

The other biosensor chosen for implantation is the thermis- 
tor (8) which will measure core body temperature. This sensor 
will furnish information concerning the body's temperature re- 
gulating mechanism and will be of significant assistance in 
operational evaluation of the state of well-being of the pri- 
mates and in evaluating the performance of the life support 
system. 

H. USEFULNESS OF DATA TELEMETERED FROM IMPLANTED BIOSENSORS IN 
DIAGNOSIS AND THERAPY OF SUBJECTS IN SPACE, MANAGEMENT OF 
SPACE MISSION AND CONTROL OF ENVIRONMENTAL CONTROL SYSTEM 

Telemetry of information from the surgically implanted bio- 
sensor transducers will be of value in following the status of 
the subjects during the course of the mission and will permit 
diagnostic assessment of the cause of abnormalities as they de- 
velop. On the basis of physiologic measurements telemetered to 
the ground, operational decisions regarding specific corrective 
measures or the introduction of therapeutic medical regimens can 
be remotely signaled to the capsule or decisions regarding ter- 
minating the mission can be made. Alternatively, "sets" of phy- 
siologic abnormalities can be programmed to automatically intro- 
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duce cor rec t ive  therapeut ic  measures by means of a l og ic  con- 
ta ined  within the  capsule. 

As an example, body temperature e leva t ion ,  decreased 
lung compliance and minimal oxygen desa tura t ion  represent  a 
''set" ind ica t ive  of lung pathology, such a s  a t e l e c t a s i s  o r  
broncho-pneumonia, both of which might be feared during a 
sustained mission. An on-board computer could beprogrammed 
t o  introduce p a r t i c u l a r  therapeut ic  measures whenever the  
"set" ex is ted  and c e r t a i n  parameters set  exceeded pre-set  
l i m i t s .  Thus an a n t i b o t i c  could be introduced i n t o  the  
animalls drinking water i f  temperature exceeds 102'F during 
any four-hour period; an expectorant could be introduced 
and the  increased concentrations of cabin oxygen regulated 
on a schedule programmed with changes i n  lung compliance 
and a r t e r i a l  oxygen sa tura t ion .  

Similarly,  telemetry from the  su rg ica l ly  implanted bio- 
sensor transducer w i l l  fu rn ish  valuable supplementary assess- 
ment regarding operation of the  l i f e  support system. Because 
implanted transducers w i l l  probably have g rea t e r  s t a b i l i t y  
and r e l i a b i l i t y  than the  cabin transducers,  e spec ia l ly  re- 
garding p a r t i a l  pressures  of oxygen and carbon dioxide,  it 
may prove w i s e  t o  f i t  the  physiologic biosensors i n t o  the  en- 
vironmental cont ro l  system feedback loop o r ,  with an appro- 
p r i a t e  logic ,  program these sensors i n t o  an overr ide on the  
environmental cont ro l  system. 

For example, progressive decrease i n  a r t e r i a l  oxygen 
sa tura t ion  accompanied by decreased carbon dioxide tension, 
hypervent i la t ion,  e leva t ion  of blood pressure and increased 
h e a r t  r a t e  form a f t s e t "  i nd ica t ive  of oxygen deficiency. Re- 

gard less  of the ind ica t ions  of the  cabin oxygen par t ia l -pres -  
s u r e  sensor, a switch t o  a back-up oxygen supply i s  indicated.  
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On the other hand, all of these parameters may be iden- 
tical with the preceding "set" except that carbon dioxide 
tension may be up -- indicating airway problems. Should the 
decreased arterial oxygen saturation be caused by heart fail- 
ure, all of above parameters may be identical except that 
carbon dioxide tension would be Up and blood pressure proba- 
bly DOWN. Cardiac output would definitely distinguish be- 
tween these last two "sets. ll  

Or, once again, body temperatures above some particular 
value would appropriately shut down the heating system and 
start up the cooling system, regardless of whether the cause 
of the hyperthermia be malfunction of the Environmental Con- 
trol System or infection within the animal. 

Because the surgically implanted biosensor transducers 
will continuously monitor and frequently telemeter (once per 
orbit, see Sec. B) meaningful measures of organ and system 
physiologic performance, a detailed account of the effect of 
sustained periods in space upon the critical body systems 
will be obtained, even if the recovery phase of the mission 
is unsuccessful. 

I. PERCEPTUAL-MOTOR STUDIES 

A simple programed schedule of perceptual-motor tasks, 
for which the primates have been previously trained, will 
be performed during the flight. 
a visual discrimination task, an auditory discrimination 
task, a temporal discrimination task, a fine motor-movement 
task and a task requiring the performance of considerable 
muscular work. Both reinforcement and avoidance operant 
conditioning schedules will be used. 

This program will include 

This portion of the experiment is designed to assess the 
effects of sustained orbital conditions upon fundamental 
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sensory thresholds and to evaluate possible degradation in 
temporal. discrimination and fine motor abilities, all of which 
are important during space flight. Perhaps equally important, 
the programed activities will furnish necessary physical ex- 
ercise forthe restrained animal and will introduce attention 
occupying activities to dispel boredom. 

Exercise for both arms and legs will be performed on a 
bicycle wheel type apparatus (the torso will be restrained in 
a webbed suit affixed to the flight contour couch) and the ex- 
ercise will be sufficiently demanding to constitute a challenge 
to the cardio-vascular, respiratory and other physiological 
systems. By introducing periods of muscular stress, physio- 
logic degradations, which may not be apparent during rest, will 
become discernible. 

J. PRE- AND POST-FLIGHT METABOLIC AND ORGAN FUNCTION STUDIES 

In order to accomplish an over-all survey of the various 
organ and system functions and to assess intermediary metabolism, 
a series of pre-flight and post-flight tests is planned and a 
complete in-flight metabolic balance study will be performed 
(Fig. 5). These studies neither complicate nor add jeopardy 
to the flight program for they entail only fractional collection 
or sampling of urine and stool and monitoring of water and food 
intake. Fractional collection or sampling should not complicate 
management of the anima19s waste for stools, and urinary wastes 
will probably be frozen and urinary water may be reclaimed and 
re-cycled. By means of the pre- and post-flight tests and the 
post-flight analyses of waste collections, intermediary metabo- 
lism, endocrine system function, kidney, liver, and gastro-in- 
testinal function, and the status of the hematopoietic system 
will be evaluated. 
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1. Intermediary Metabolism 
Body composition will be thoroughly assessed prior to 

and immediately following flight; a complete metabolic bal- 
ance study will be performed for the flight period. 
manner, alteration in body composition will be determined, 
and the particular metabolic pathways by which the body met 
its metabolic needs determined. The elucidation of preferen- 
tial dietary pathways by which metabolic needs are met in the 
space ambient will furnish a rational basis for planning diets 
during manned missions. Thirst and appetite will be assessed 
on a daily basis, as will the metabolic aspects of caloric, 
water, electrolyte, nitrogen, calcium, phosphorus, and mag- 
nesium metabolism. (Even the brief Mercury manned missions 
have suggested some abnormality in calcium metabolism as a 
consequence of the space ambient, ) 

In this 

a. Pre-Fliqht and Post-Fliqht Tests of Body Com- 
position 
Weight, total body water, Kqo content (lean 

body mass), exchangeable Na, bromide space, plasma volume, 
sodium, chloride, potassium, calcium, magnesium, phosphorus, 
plasma, proteins. 

b. Water and Diet Intake Measurements 
c. Daily Urine Fractions 

Analysed for volume, specific gravity, electro- 
lytes, nitrogen, calcium, phosphorus. 

d. Four-Day Stool  Fractions 
Analysed for fat and nitrogen. 

2. Endocrine System Function 
Pituitary, adreno-cortical, adreno-medullary, thyroid, 

and gonadal function will be evaluated pre-flight and post- 
flight. Because the pituitary-adrenal axis and the sympath- 
etico-adrenal medullary system are intimately involved in the 
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body's response t o  stress, they w i l l  be evaluated on a d a i l y  

b a s i s .  Spec i f ica l ly ,  the  following p re - f l i gh t  and post-  
f l i g h t  tests w i l l  be performed: 

a. Pre-Fliqht and Post-Fl isht  Studies  
Adreno-Cortical S t a tus  

serum and ur ine oxysteroids,  aldosterone, 
and 17 ketos te ro ids ,  base l ine  and i n  re- 
sponse t o  t es t  doses of ACTH. 

Sympathetico-Adrenal Medullary System 
serum and ur ine catecholamines. 

Thyroid S ta tus  
p ro te in  bound iodine,  rad ioac t ive  iodine 
uptake. 

ur inary estrogens and androgens. 
Gonadal S t a tus  

b. D a i l y  Urinary Fract ions 
Analyzed f o r  hydroxycorticoids, 17 ketoste-  
ro ids ,  catecholamines, and e l e c t r o l y t e s .  

3. Renal Function 
Renal funct ion t e s t s  w i l l  evaluate  kidney s t a t u s  pre- 

f l i g h t  and pos t - f l i gh t .  
be assessable from the  aforementioned analyses of f r a c t i o n a l  
d a i l y  urine samples. 

Ind ica t ions  of d a i l y  function w i l l  

Renal Function T e s t s  

BUN, i nu l in  clearance,  PAH clearance.  

4. Hepatic Function 
W i l l  be evaluated p re - f l i gh t  and pos t - f l i gh t .  

Liver P ro f i l e  T e s t s  

Flocculation tests, b i l i r u b i n ,  a lka l ine  phos- 
phatase, BSP excret ion,  serum prote ins .  
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5. Gas t ro- In tes t ina l  Function 
w i l l  be evaluated from the  balance da ta  regarding d i e t a r y  

intake and f r o m  d a i l y  f r ac t iona l  s t o o l s .  
na t ion  of blood and bac ter io logica l  s tud ie s  of s t o o l  f l o r a  
w i l l  be performed. 

Microscopic exami- 

6. Hematopoietic System 
Pre- f l igh t  and post-f l ight  RBC m a s s  and bone marrow bi-  

ops is  w i l l  ind ica te  whether any abnormalit ies i n  blood pro- 
duction o r  RBC des t ruc t ion  mechanisms a r e  caused by the space 
ambient. Because of the  s e n s i t i v i t y  of t h e  hematopoietic sys- 
t e m  t o  i r r a d i a t i o n  and the propensity of i r r a d i a t i o n  t o  cause  
l a t e  leukemias, it w i l l  be important t o  follow those animals 
f o r  extended per iods pos t - f l igh t .  

K. CONCLUSIONS 

T h i s  th ree-par t  program of (1) continuous measurement and 
te lemetry of c r i t i c a l  physiological performance, ( 2 )  the  in-  
f l i g h t  perceptual  motor s t u d i e s  on the operant condi t ioning 
schedule, and (3) the  s e r i e s  of p re - f l i gh t  and pos t - f l i gh t  
organ function tests and in - f l i gh t  metabolic balance,  cons t i -  
t u t e s  a thorough and d e f i n i t i v e  evaluat ion of the e f f e c t s  of 
sus ta ined  space f l i g h t  i n  body physiology. Any degradations 
de tec ted  i n  physiological  performance w i l l  f u r n i s h  a r a t i o n a l  
b a s i s  f o r  programs designed t o  e l imina te  o r  compensate f o r  
these degradations i n  support of the  space programs being 
planned. 

I f  degradations are observed as a consequence of t h i s  

mission, NASA should have as d e f i n i t i v e  a r e l i a b i l i t y  check 
on man a s  a component i n  the space systems of t he  fu tu re  as 
medical science can now of fer .  
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111. AN ANALYSIS OF ORBITING SYSTEMS FOR SUSTAINED 
(30-90 DAY) ORBITAL STUDIES 

A. INTRODUCTION AND DISCUSSION OF ASSUMPTIONS 

A preliminary analysis was performed of the orbiting 
systems which would be required to support a sustained or- 
bital program of the type described in the preceding sec- 
tion of this report. The discussion that follows repre- 
sents a "first cut" at estimating the weights, power re- 
quirements and so forth of such systems and examines the 
trade-offs presented by such alternatives as recovery ver- 
sus non-recovery, battery power versus solar cell power, 
Rhesus monkeys versus chimpanzees, various numbers of ex- 
perimental animals and various mission durations. The dis- 
cussion that follows is not the result of a detailed design 
study. The estimates are based to a large extent on data 
obtained during May 1963, through discussions with per- 
sonnel of Lockheed Aircraft Corporation, North American 
Aviation Corporation, AiResearch Division of the Garrett 
Corporation, Douglas Aircraft Corporation, MRD Division of 
the General American Transportation Corporation, McDonnell 
Aircraft Company, Holloman Air Force Base, the Applied 
Physics Laboratories of Johns Hopkins University and the 
Office of Advanced Research and Technology of the National 
Aeronautics and Space Administration. 

Specifically, system requirements are estimated for 
systems accommodating one,two and four chimpanzees or two, 
four or eight Rhesus monkeys (or any combination thereof) 
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f o r  mission durat ions of 30, 60 and 90 days. Recoverable 
and nonrecoverable systems and ba t t e ry  powered and so la r  c e l l  
powered systems a re  examined. 

A most important assumption i n  these es t imates  is  t h a t  

This very sho r t  time sca l e  d i c t a t e s  
launch w i l l  occur i n  the l a s t  quar te r  of 1964 (18 months from 
analys is  t o  l i f t - o f f ) .  
t h a t  the  se lec ted  systems possess the g rea t e s t  s impl ic i ty  con- 
s i s t e n t  with achievement of the  mission object ives ,  t h a t  it 
involve the m i n i m u m  possible development and the  maximum use 
of readi ly-ava i lab le  fl ight-proven techniques and hardware. 

I f  recovery is  desirable ,  the  choibe of re-entry veh'icles 
subjec t  t o  the m i n i m u m  development cons t r a in t  is a narrow one. 
Only the  Mercury space c r a f t  and the  Discoverer vehic le  have 
fl ight-proven re-entry capabi l i ty .  
a t  the Lockheed Ai rc ra f t  Corporation demonstrated t h a t  the  
Discoverer vehic le  could accommodate only one small  monkey. 
Because the s ignif icance of f indings i n  one experimental 
animal would always be subject  t o  doubt, and because the chim- 
panzee w a s  f e l t  t o  be a f a r  more des i rab le  experimental sub- 
ject than a small  Rhesus or r e l a t e d  monkey, the Mercury space 
c r a f t  was f e l t  t o  be a vas t ly  preferab le  choice. It appears 
poss ib le  t o  f i t  i n t o  the  Mercury space c r a f t  most of the equip- 
ment necessary fo r  the  chimpanzee on these extended missions. 
In addi t ion,  there  was reason t o  be l ieve  t h a t  one of th ree  
completed and surplus  Mercury SpacecarzrEks 'might be made ava i l -  

able  f o r  t h i s  p ro jec t .  

Discussion with personnel 

Therefore the ca lcu la t ions  i n  the  exerc ise  t h a t  follows 
a r e  based on the Mercury Spacecraft ,  both f o r  recoverable and 
nonrecoverable systems. It should be recognized, however, 
t h a t  i n  the  l a t t e r  case,  it might be f eas ib l e  t o  employ a d i f -  
f e r en t  vehic le  s ince  f l i g h t  proven re-entry capab i l i t y  would 
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not  be required. The Mercury numbers a re  used i n  t h i s  exer- 
cise both fo r  s impl i c i ty  and t o  gain a notion of the  weight 
penal ty  imposed by the  r ecove rab i l i t y  requirement .  A fur-  
t h e r  assumption is  a low inc l ina t ion  angle o r b i t  of approx- 
imately 220 m i l e s  a l t i t u d e  which is cons i s t en t  with the  max- 
imum mission duration. 

B. ESTIMATES AND COMPARISON OF FOUR SYSTEMS (RECOVERABLE, 
NONRECOVERABLE, SOLAR CELL POWERED AND BATTERY PoWERED) 
TO SUPPORT TWO CHIMPANZEES OR FOUR RHESUS MONKEYS I N  

ORBITAL PROGRAM FOR gO*<AYS 

Approximate volume ca l cu la t ions  f o r  the  Mezcury Space- 
c r a f t ,  the experimental animals and associated equipment in- 
d ica ted  t h a t  everything required f o r  the  missions with the  
exception of b a t t e r i e s  and atmospheric gases could probably 
be f i t t e d  i n t o  the  Mercury spacecraf t .  The b a t t e r i e s  and 
gases would have t o  be located ex te rna l  t o  the  capsule. A 
matching sect ion t o  mate the  Mercury spacecraf t  t o  the  Sat- 
urn-IV would be a necessary development i t e m  i n  any case.  
This sect ion would be made la rge  enough t o  contain these 
i t e m s .  An approximate notion of the  configurat ion can be 
got ten from Fig. 6 which shows the  Mercury spacecraf t ,  the  
matching sect ion,  the  Saturn-IV, an aux i l i a ry  umbilical 
assembly and an o v e r a l l  view of the  launch assembly. This 
arrangement was suggested by the  Douglas Ai rc ra f t  Company. 

Figure 7 shows the  weight computations fo r  two 3O-lb 
chimpanzees o r  four Rhesus monkeys, o r  a combination 'thereof, 
o r b i t i n g  90 days i n  each of the  four systems considered. 
Three of the  systems a re  recoverable and one i s  not.  Of 

, the  recoverable systems, one is  battery-powered and two a re  
not.  These l a t t e r  d i f f e r  i n  t h a t  one t r acks  the  sun con- 
t inuously when it is  i n  view while the  o ther  employs the  

i 
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automatic cont ro l  system (ACS) during the  main por t ion  of 
the f l i g h t  merely t o  maintain tumbling a t  a low enough r a t e  
t o  keep an e s s e n t i a l l y  we igh t l e s s  condi t ion i n  the capsule.  
The ACS is s imi l a r ly  employed i n  the o ther  two cases .  The 
system components have been divided i n t o  s ix  p a r t s ,  severa l  
of which w i l l  be discussed i n  d e t a i l  he rea f t e r .  The f i r s t  
is the  spacecraf t  i t s e l f  which includes the  Mercury s t r u c -  
t u r e ,  automatic cont ro l  system and fue l ,  the  Mercury elec-  
t r i c a l  system, some cabin equipment and miscellaneous i t e m s ,  

toge ther  with hea t  sh i e ld  and recovery equipment where ap- 
p l i cab le .  These f igures  indicate  a weight penal ty  of about 
1000 lb  f o r  recovery. The sunseeker system is heavier  than 
the  random or ien ted  systems by v i r t u e  of the addi t iona l  f u e l  
required f o r  s o l a r  tracking. Fuel  es t imates2  a r e  one pound 
each day f o r  the low-G ACS and f i v e  pounds a day f o r  the  
sunseeker. The second item is the serv ice  module o r  s torage 
and matching sec t ion  which contains  b a t t e r i e s  and gases and 
which would be je t i soned  p r io r  t o  re-entry.  The weight es- 
t imates  a re  based on 150 l b  p lus  10 per  cent of s tored  weight 
( b a t t e r i e s ,  gas and tankage). The t h i r d  i t e m ,  prime power 
source,  includes b a t t e r i e s  (both i n - f l i g h t  and recovery) s o l a r  
cells, inve r t e r s ,  regulators  and the  l i k e .  For t h i s  case 
(two chimps - 90 days) a 5OOO-lb penal ty  f o r  b a t t e r y  opera- 
t i o n  is  imposed. 
f o r  c e l l s  and frames, 10 wat t s / f t2  a t  normal s o l a r  incidence,  
a 50 per cent  t o  50 per cent l ight-dark cycle  (which is q u i t e  
conservat ive) ,  a 50 per c e n t  b a t t e r y  charging e f f i c i ency ,  and 
a 4: l  area pena l ty  i n  the tumbling mode f o r  the  nonrecoverable 
system. This was increased to  5; l  f o r  the  recoverable system 
on the grounds t h a t  there  might be geometrical cons t r a in t s  i n  

Solar  cell weights a re  based on 1.5 l b / f t 2  

2 From Lockheed. 
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t h i s  system which would lead e i t h e r  t o  shading of the  cel ls  
by the  spacecraf t  o r  t o  addi t iona l  weight f o r  deployment 
apparatus. Battery weights a re  estimated on a 65 watt-hr/lb 
bas i s .  The fourth i t e m  is  the  l i f e  support system f o r  t he  
animals (discussed i n  Sec. C below). The f i f t h  i t e m ,  com- 
munications and telemetry, includes command and con t ro l  
equipment f o r  the  capsule, communications and telemetry 
equipment f o r  t he  experiment, beacons and the  l i k e .  The 

experimental apparatus (25 lb/animal) includes the  sensors,  
e l ec t ron ic s  and psychomotor equipment discussed i n  the pre- 
vious sect ion (Fig.  4) of the  experimental subjec ts ,  the  
chimpanzees would be of the  30-lb weight range and the  rhesus 
monkeys would each weigh approximately 15 lb  (rhesus monkeys 
down toxweights of 8 lb, each would be acceptab le) .  

For the mission chosen f o r  i l l u s t r a t i o n ,  there  i s  l i t t l e  
weight difference between the  two recoverable systems em- 
ploying so lar  cells; the  randomly o r i en ted  system is  t o  be 

prefer red  f o r  reasons of r e l i a b i l i t y .  The recovery penal ty  
is  about 1000 lb, as  noted e a r l i e r ,  and the  penal ty  f o r  bat-  
t e r y  operation i s  about 5000 lb. Payload weight would have 
t o  be very cheap, indeed, t o  j u s t i f y  t h i s  added r e l i a b i l i t y  
and s implici ty .  

C. , LIFE SUPPORT SYSTEM 

Figure 8 shows a breakdown of weights i n  the  l i f e  sup- 
p o r t  system f o r  two chimpanzees o r b i t i n g  90 days. The animals 
each weigh 30 lb and they l i e  on 12-lb couches. Sixty pounds 
of food are allowed f o r  each animal (based on tests conducted 
a t  Holloman AFB w h e r e  30-lb chimpanzees w e r e  sustained on an ad- 
l i b  normal res idue d i e t  f o r  30 days) .  
(again from Holloman AFB) w e r e  estimated a t  380 lb  f o r  90 days 

Water requirements 

b u t  50 per cent  recovery by reprocessing atmospheric water 
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is  assumed; t h i s  f igure  i s  probably s l i g h t l y  conservative.  

The atmospheric cont ro l  system weight i s  mostly gases and 

LiOH.  

Charles Swet of the  Johns Hopkins Applied Physics Labora- 
to ry ;  the  oxygen is  cryogenically tanked a s  is  the  ni t rogen 
i n  the  two-gas system considered. Nitrogen ca l cu la t ions  ’ 
assume a 0.5 lb/day leak r a t e .  
t h i s  is  a f a c t o r  of about s i x  better than the  cu r ren t  M e r -  

cury leak r a t e  of 2 . 1  lb/day a t  5 p s i .  Engineers a t  both 
AiResearch Corporation and McDonnell A i r c r a f t  Corporation 
s e e m  t o  f e e l  t h a t  t h i s  improvement i s  f e a s i b l e  a t  p ressures  
even higher than 7 p s i .  CO removal is e f f e c t e d  by a L i O H  

bed with no oxygen regeneration. The thermal con t ro l  system 

includes a c e n t r i f u g a l  water separa tor  a f t e r  t he  hea t  ex- 
changer. Radiative cooling i s  employed a s  evaporative cool- 
ing would requi re  approximately 1500 l b  of expendable coolant .  
If the  r ad ia to r  could not  be located a t  the  recovery end of 
the  Mercury capsule,  it would presumably go on the  se rv ice  
module and a water connection would have t o  be broken t h e r e  
when the  module is j e t t i soned .  Evapaorative cooling i s  

Oxygen requirements w e r e  based on ca l cu la t ions  by 

A t  7-psi cabin pressure ,  

2 

used on re-entry. 3 

D. COMMUNICATIONS AND TELEMETRY SYSTEM 

A second item common t o  the  four  o r b i t i n g  systems i s  

the  communications and T/M equipment ( c f .  Fig. 9 ) .  Approx- 
imately 70 l b  and 7 wat ts  average power a re  required f o r  the  
capsule and the  remainder f o r  the  primates.  Calculat ions in- 
d i c a t e  t h a t  telemetry both from the  primates and the  capsule 
can be performed on standard I R I G  channels using e i t h e r  PCM 
o r  FM/FM encoding. 4 

Deta i l s  of the  ca l cu la t ions  a re  given i n  Appendix 111-A.  
De ta i l s  a r e  given i n  Appendix 111-B.  
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E.  XJWEX REQTJIREMENTS 

Power requirements f o r  the  seve ra l  systems a re  shown 
i n  Fig. 10. Life support and TIM requirements a r e  about 
equal and the  experiment requi res  16 wat ts  per  animal. The 
automatic cont ro l  system requi res  35 e x t r a  wat ts  when the  
sun i s  tracked continuously. 5 

F. SPACECRAFT, SERVICE MODULE AND POWER SOURCES 

Figure 11 compares those i t e m s  which d i f f e r  from sys- 
t e m  t o  system. Weight c o s t s  fo r  recovery and sunseeking 
ACS appear i n  the  Mercury spacecraf t  breakdown.6 The serv- 
ice module s t r u c t u r e  weight was estimated on the  b a s i s  of 
150 lb  plus 10 per  c e n t  of s tored  weight a s  noted above. 7 

under "Power Sources. 11  I n - f l i g h t  b a t t e r y  requirements f o r  
Battery,  power conditioning and s o l a r  ce l l  weights a re  shown 

the  s o l a r - c e l l  cases a re  based on peak power requirements 
and imply a discharging of only about 5 per  cent  of s to red  

energy on the  dark s ide  of the  o r b i t .  A s  mentioned before  
a s torage dens i ty  of 65 WH/lb i s  assumed.8 

G. VARIATION OF WEIGHTS WITH M I S S I O N  REQUIREMENTS ( F i q .  12) 

Using the  assumptions d e t a i l e d  above f o r  the  two chim- 
panzeesl 90-day mission, weights w e r e  a l s o  computed f o r  each 
of the  four systems f o r  var ious mission p r o f i l e s .  These es- 

t imates  are intended t o  give a notion of the  weight require-  
ments on a per  animal and a per-unit-time b a s i s .  O n e ,  two 
and four  30-pound chimpanzees w e r e  considered on 30-, 60- and 
90-day m i s s i o n s .  Insofar  a s  o v e r a l l  weights a r e  concerned, 

De ta i l s  a r e  given i n  Appendix 111-C.  
De ta i l s  a r e  given i n  Appendix 111-D.  
De ta i l s  a r e  given i n  Appendix 111-E. 
De ta i l s  a r e  given i n  Appendix 111-F. 
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two t o  four Rhesus monkeys may be s u b s t i t u t e d  f o r  each chim- 
panzee. The f igu res  i n  Fig. 12 a r e  o v e r a l l  weights (space- 
c r a f t ,  service module, communications and T/M, l i f e  support ,  
power weight and experimental weight - i n  sho r t ,  payload) 
f o r  t he  several  cases. The four-chimpanzee ( e i g h t  Rhesus 
monkeys) numbers a re  somewhat academic s ince  it would be im-  
poss ib le  t o  fit the four animals i n t o  the  Mercury spacecraf t .  

In  the battery-powered case it appears t h a t  a 6000-ib 
payload could support one chimpanzee o r  two Rhesus f o r  be- 

tween 60 and 90 days o r ,  a l t e r n a t i v e l y ,  two chimps o r  four 
Rhesus for  between 30 and 60 days. 
s u f f i c e  f o r  two chimpanzees o r  four Rhesus f o r  90 days on a 
recoverable mission employing s o l a r  cells .  
load suffices f o r  the  same mission without recovery.' 

A 5000-lb payload should 

A 4000-lb pay 

Also included i n  Fig. 12 a re  estimated weights f o r  a sys- 
t e m  w h i c h  combines s o l a r  cells  and b a t t e r i e s .  The numbers a r e  
approximate and a re  based on ca l cu la t ions  given i n  Appendix 
1 1 1 - G .  For t h i s  l a s t  system it is assumed t h a t  t he  serv ice  
module i s  an & f t  diameter 3-ft long cyl inder  which is  covered 
with so la r  c e l l s .  The o r i e n t a t i o n  of the  spacecraf t  i s  random 
and the  average power developed by the  s o l a r  cells  is  calcu- 
l a t e d  for a 50 t o  50 dark- l ight  cycle and 50 per  cent  e f f i -  

ciency of s torage i n  the  b a t t e r i e s  when more power is  devel- 
oped than is  necessary f o r  the  demand a t  the  t i m e .  Storage 
batteries are included f o r  power requirements exceeding the 

power developed by the  s o l a r  cells .  The ca l cu la t ions  show 
t h a t  a l l  power requirements a re  m e t  by the s o l a r  c e l l s  f o r  
the one-chimp case,  about 80 per  c e n t  f o r  the  two-chimp case 
and about 50 per  cent  fo r  the four-chimp case.  This system 

' D e t a i l s  are given i n  Appendix 1 1 1 - G .  
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br ings  the  two-chimp, 90-day mission under the  6000-lb pay- 
load f igure.  

Two addi t iona l  po in ts  should be made i n  connection with 
t h i s  system. The f i r s t  is  t h a t  no attempt has  been made t o  
es t imate  the  weight o r  r e l i a b i l i t y  consequences of hydridiz- 
ing the  power source. Appropriate l og ica l  and pro tec t ive  
equipment would have t o  be developed a t  t he  juncture  of the 
b a t t e r y  and s o l a r  cell  power sources before  the  regulators .  
The second is  t h a t  t he  hybrid system o f f e r s  a r e l i a b i l i t y  
advantage i n  t h a t  ( f o r  t h e  two chmp case)  about 20 per cent  
of the  e l e c t r i c a l  energy requirement f o r  the  mission is 
s to red  i n  b a t t e r i e s .  "his means t h a t  should the s o l a r  ce l l  
system f a i l  a t  any s tage of the mission it would be poss ib le  
with appropriate  c i r c u i t r y  to f l y  20 per cen t  of t he  remainder 
of the  mission on b a t t e r y  power. Thus €or a planned 90-day 
mission, should s o l a r  cells become inoperat ive by some mishap 
a t  launch, approximately 18 days of the  mission could s t i l l  
be flown. 

H. FINAL REMARKS 

The numbers developed i n  t h i s  exerc ise  a re  "first cut"  
es t imates  and a re  not  based on de ta i l ed  system design. They 
should, however, be representat ive and give an ind ica t ion  
both of the ac tua l  payload which t h i s  experiment would re- 
q u i r e  and of i t s  v a r i a t i o n  with type of system, number of 
experimental animals and mission durat ion.  

P-31168 - 47- 
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APPENDIX 1 1 1 - A  

L I F E  SUPPORT SYSTEM 

Weight and power est imates  fo r  the l i f e  support  system 
are  de ta i led  i n  Table A - 1 .  Weights a re  grouped i n  three 
categories:  
mental animals: those which depend only on the mission durat ion;  
and those which depend on both. The t o t a l  weight of the l i f e  

support  system is thus 

those which depend only on the number of experi-  

T T lo3 N + 99 - + 438 N - pounds 90 90 

where 

N is the  number of chimpanzees ( o r  2 x . t h e  

T is the  mission duration i n  days. 
number of Rhesus monkeys) 

Parenthetical  numbers preceding each item r e f e r  t o  the 

l i f e  support system breakdown i n  Fig. 3 , v i z . ,  

1. Experimental animals 

2. . Couches, r e s t r a i n t s ,  supports 

3. Food, water, feeders ,  waste co l lec t ion  

4. Atmospheric cont ro l  system 

5. Thermal cont ro l  system. 

Several i t e m s  i n  Table A - 1  deserve comment. I' Couches, 
r e s t r a  i n  t s, suppor t s "  include a 12-lb couch (Lockheed 
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est imate)  o r  a 10-lb support  and-a 3-lb harness.  "Food, 
feeder' '  includes 60 lb  of food and a 10-lb feeder and is  

based on t h e  experience a t  Holloman AFB. A 3G-lb chimp on 
a normal residue, ad l i b  d i e t  consumed 22 l b  of food i n  30 

and a 20-lb feeder and tank. ( A  water intake of 126 l b  i n  
30 days was measured a t  Holloman A F B . )  

t h i s  intake can be recovered f r o m  the  atmosphere, then the  
90-day requirement i s  

days. 11  Water, tank, feeder' '  includes 190 pounds of water 

I f  50 per c e n t  of 

3 x L 126 = 189 pounds. 
2 

This i s  probably conservative s ince Holloman AFB measured a 
30-day u r i n e  output of 52 lb and a 30-day f eca l  output of 9 l b .  

Oxygen tank" includes 42 l b  of 0 and a cryogenic I '  

2 

tank weight of 1 . 2  t i m e s  t h i s  f igure.  The 42-lb requirement 
i s  an extrapolat ion t o  30-lb primates of ca lcu la t ions  by APL 

f o r  primates up t o  20 lb .  "LiOH, container" is calculated 
from the  0 requirement using 

2 

0 . 8  pound CO / pound 0 
2 2 

1.09 pound LiOH/pound CO 
2 

and 10 per c e n t  f o r  the container .  I 1  Nitrogen, tank" in- 

cludes a l l  leakage from the capsule a t  the 0.5 lb/day as- 
sumed r a t e  and 1.2 l b  cryogenic tankage/lb gas. The N 
weight could be reduced somewhat and the  0 weight cor- 
respondingly increased s i n c e  both gases leak from the cap- 
su l e  i n  proportion t o  t h e i r  abundance i n  the  capsule atmos- 
pher ic  cons t i tu t ion ,  bu t  the t o t a l  weight of leakage gas w i l l  

remain unchanged. 

2 

2 

As noted i n  the  main body of t h i s  repor t ,  
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t h e  0.5-lb/day leak r a t e  a t  7 p s i  cabin pressure represents  
a factor of 6 improvement over Mercury’s present  2 . 1  lb/day 
a t  5 psi.’ Should t h i s  prove unat ta inable ,  it should s t i l l  

be possible  t o  avoid s o m e  of t h e  weight penalty due t o  s torage 
of addi t iona l  gas t o  make up f o r  leakage by enclosing the p r i -  
mates i n  well-scaled l i f e  cells operating a t  pressure deter-  
mined on physiological grounds and operating the  remainder 
.of t he  cabin a t  l o w e r  pressures determined by cooling require- 
ments f o r  the e l e c t r i c a l  systems i n  the  cabin. 

The remaining numbers i n  Table A-1 are  “guesstimates” 
i n  t h e  absence of a de t a i l ed  l i f e  support system design. 
Since m o r e  than 90 per cent  of the  l i f e  support equipment 
weight is  included i n  the  items already discussed t h i s  i s  
ser ious  i n  only one respect .  This is  t h a t  inaccuracies i n  
es t imat ing power requirements could lead t o  s i g n i f i c a n t  er- 
rors i n  ove ra l l  system weight. For the battery-power system 
and a gO-day, two-chimpanzee mission the  power penalty i s  
about 37 lblwat t .  Thus a 25 per  c e n t  error i n  the  estimated 
60-watt l i f e  support power requirement would r e s u l t  i n  a 
5 O O - l b  ove ra l l  weight error. For the  randomly or iented s o l a r  
cell system, t h e  power penalty is  less than 5 lb/‘watt and 
t h e  seriousness of an e r r o r  i n  estimating power requirements 
is correspondingly reduced. 

Using the est imates  i n  Table A-1,  Table A-2 was prepared 

and g ives  powers and weights f o r  l i f e  support  systems f o r  one, 
two and four  chimpanzees (or t w o ,  four  o r  e i g h t  Rhesus monkeys, 
or combinations thereof)  fo r  30, 60 and 90 days. 
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APPENDIX 111-B 

COMMUNICATIONS AND TELEMETRY 

The communications and telemetry equipment used f o r  t he  
experiment w i l l  be compatible with the  ground support equip- 
ment present ly  employed by the  Mercury and Minitrack systems. 
Estimated in - f l i gh t  weight and average power requirements a r e  
given i n  Fig. 9 f o r  a two-chimpanzee experiment. O n e  commu- 
n ica t ions  system i s  common t o  the  capsule while one record- 
ing and telemetry subsystem is required f o r  each a n i m a l .  

Communications devices include a beacon transponder f o r  
t racking purposes, two command receivers  and decoders ( f o r  
redundancy), a recovery beacon ( i f  needed) requir ing 50 watts  
and powered by s torage b a t t e r i e s ,  and the  associated anten- 
nas and wiring. 

Experimental and f l i g h t  support da ta  a re  recorded and 
t ransmit ted once per o r b i t  over a t racking s t a t i o n .  Included 
i n  the power and weight estimates a r e  the  recorders ,  commuta- 
tors ,  analog/digital  converters,  submultiplexers, mixers and 
t ransmi t te rs ,  and associated antennas and wiring. Since t h e  
telemetry t ransmi t te r  operates only once per orbi t ,  i t s  
average power needs a re  negl igible .  
include both t h e  camera and a t ransmi t te r  f o r  a one-half 
frame per second system. 

The t e l ev i s ion  estimates 

A summary of weight vs number of p r i m  a tes and m i s -  

s ion duration i s  given i n  Table B-1. 
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APPEJADIX 111-C 

POWER REQUIREMENTS 

A summary of the power requirements for the four sys- 
tems is given in Fig. 6. 
the exception of the recovery requirements. 
marized in Table C-1. 

The data are self explanatory with 
These are sum- 

TABLE C-1 

POWER REQUIREMENTS - RECOVERY 
(12 HOUR RECOVERY PERIOD ASSUMED) 

No. of Chimpanzees* 

Life support 

Experiment 

Convert and record 

Beacons 

Total Power watts 

Watt-hours 

1 

40 

16 

24 

50 

130 

1560 

2 

60 

32 

48 

50 

190 

2280 

4 

100 

64 

96 

50 

310 

3720 

* Two to four Rhesus monkeys may replace each chimpanzee. 
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APPENDIX I I I - D  

S PAC EC RAFT 

Mercury spacecraft w e i g h t s  are d e t a i l e d  i n  Table D - 1 .  

The  f i r s t  column c o n t a i n s  " p r e s e n t  mercu ry  d a t a "  o b t a i n e d  from 
Doug las  A i r c r a f t  C o r p o r a t i o n . '  Column I1 c o n t a i n s  Doug las  
estimates f o r  a 4 - r h e s u s ,  90-day m i s s i o n .  Column I11 c o n t a i n s  
CUE= estimates f o r  a low G ACS m i s s i o n ,  Column I V  CUERL es- 
t i m a t e s  for a s o l a r  o r i e n t e d  ACS m i s s i o n ,  and Column V CUE= 

estimates f o r  a n o n - r e c o v e r a b l e  m i s s i o n .  F u e l  estimates f o r  
t h e  ACS are  based on i n f o r m a t i o n  from Lockheed A i r c r a f t  Corpo- 

r a t i o n .  T h e  i t e m  "Equipment R e d u c t i o n  ( R e d u n d a n t ) "  i s  n o t  
clear. It i s  a s s u m e d  t h a t  e v a p o r a t i v e  c o o l a n t  f o r  r e - e n t r y  
( D e l  Duca: a b o u t  150 # )  i s  i n c l u d e d  i n  t h i s  table ,  p r o b a b l y  
i n  t h e  319-# "Landing arid Recovery' '  i t e m .  

* R e f :  ~ 2 - 2 6 0  - s /m-62-91 ,  3-15-62, Project Mercury A c t u a l  
Weigh t  Repor t ,  &Donne11 Report #8586. 
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APPENDIX 111-E 

SERVICE MODULE 

A cyl indr ica l  service module, 8 f t  i n  diameter and3 ft long, 
can be provided t o  mount those i t e m s  which can not be f i t t e d  
i n t o  the Mercury Capsule. Accordingly, the module would house 
the  expendable oxygen and nitrogen suppl ies ,  and e i t h e r  s o l a r  
arrays o r  primary b a t t e r i e s  depending upon which power source 
i s  u t i l i z e d .  Secondary b a t t e r i e s ,  regula tors  and inve r t e r s  
a re  mounted i n  the  capsule .  

The module would cons is t  of a framework s t r u c t u r e  covered 
with a 1/16 i n .  skin of aluminum. 

150 pounds and the s t r u c t u r e  weight i s  estimated t o  be 10 per  
cent  of the weight of i t s  contents .  
of the  module contents f o r  the various systems a s  a function 
of number of chimpanzees and mission durat ion.  A summary of 
t o t a l  weights including 150 pounds f o r  t h e  s h e l l  i s  given i n  
Table E-2, 

Skin weight i s  approximately 

Table E - 1  g ives  t h e  weight 

-58- P-3’168 



COLUMBIA UNIVERSITY-ELECTRONICS RESEARCH LABORATORIES 

TABLE E-1 

WEIGHTS O F  ITEMS MOUNTED IN SERVICE MODULE 

N u m b e r  of Chimpanzees' 

Mission Duration (days) 

Oxygen and container  

Nitrogen and container  

Primary Bat te r ies  

Solar  C e l l s  - oriented 

Solar  C e l l s  - random 

Solar  C e l l s  - random 
non-recoverable 

1 - 
3V 63 90 

31 62 23 

33 60 33 

1350 2100 3150 

tia 00 00 

244 244 244 

201 201 231 

2 

30 60 go 

62 124 166 

33 66 39 

1750 3500 5250 

147 147 147 

416 416 416 

344 344 344 

'Itm t o  four  Rhesus monkeys may replace each chimpanzee. 

TABLE E-2 

TOTAL WEIGHT OF SERVICE MODULE_ 

N u m b e r  of Chimpanzees' 

Mission Duration (days) 

Bat tery powered 
recoverable 

Solar C e l l  - oriented 
recoverable 

Solar  C e l l  - random 
recoverable 

Solar C e l l  - random 
non-recoverable 

1 

30 60 go 

261 373 464 

165 172 178 

181 187 194 

177 183 189 

2 

33 60 90 

335 519 7Q4 

174 184 193 

201 211 220 

194 203 213 

4 

30 60 9G 

124 248 372 

33 66 99 

3153 6301, 9450 

264 264 264 

760 760 760 

630 630 630 

b 

30 60 90 

460 610 1142 

192 208 224 

242 257 273 

229 244 260 

4 t  Two to four Rhesus monkeys may replace each chimpanzee. 
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APPEJXDIX 111-F 

POWER SOURCES 

Weight requirements f o r  the various power systems were 
ca lcu la ted  a s  follows: 

A .  BATTERIES - A f igure  of 65 watt-hours of energy per 
pound of ba t t e ry  was used. Thus, 

lbs - 2  .37 PT where P .= power i n  watts 
T -- t i m e  i n  days. 

B .  SOLAR CELLS - ORIENTED 

A f igure of 10 wat ts  per square foot  of c e l l  a r r ay  was 
used. The weight per square foot  of a r ray  including support 
frames was estimated a t  1 . 5  l b  . A l ight-dark r a t i o  of 
one was assumed: during the l i g h t  portion of the  cycle  the 
ce l l s  must supply a l l  equipment and charge the b a t t e r i e s  a t  
50 per cent e f f ic iency .  Thus, 

P 
10 lbs -= - X 1.5 X (1 + 2 )  

lbs = .45 P 

where 

p I= power i n  wat ts .  

C .  SOLAR CELLS - TUMBLING 

The same procedures were followed as  i n  the  or iented 
mode except t h a t  the weights w e r e  multiplexed by 5 f o r  the  
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recoverable case and 4 f o r  the  non-recoverable case.  These 
f a c t o r s  take i n t o  account the r a t i o  of t o t a l  a r ray  area t o  
average e f f e c t i v e  a r r ay  area.  It  i s  expected t h a t  the  a r r ay  
configuration can be more optimally designed in  the  non- 
recovery case and therefore  the  mul t ip l i e r  is  less ( 4  vs 5) 
than i n  t h e  recovery case. 

A summary of weights as a function of number of chim- 
panzees and mission duration i s  given i n  Table F -1. These 
f igu res  include the  chargeable b a t t e r i e s ,  regula tors ,  in- 
verters,  and recovery b a t t e r i e s .  Secondary b a t t e r y  d i s -  
charge during the dark cycle is approximately 5 per cent of 
capaci ty .  
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APPENDIX 111-G 

VARIATION OF OVERALL WEIGHT WITH MISSION REQUIREMENTS 

Table G-1 is  a summary of the weights of the individual  

subsystems as l i s t e d  i n  Tables A-2, B-1 ,  D-1, E-2, F-1 and 
1-1. 
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TABLE E l  

VARIATION I N  OVERALL WEIGHT WITH MISSION REQUIREMENTS 

N u m b e r  of Chimpanzees 1 2 4 
Mission Duration (days )  30 60 go 30 60 go 30 60 go 
Recoverable Systems 

Bat t e r y- Powe re d 
Spacecraf t  2470 2500 2530 2470 2500 2530 2470 2500 2530 

480 810 1142 Service  Module 261 373 484 335 519 704 
Power Sources 1120 2170 3220 1030 3580 5330 3255 6405 9555 
Li fe  Support System 282 461 640 531 856 1181 1029 1646 2263 
Communications and T / M  158 158 158 244 244 244 416 4 16 4 16 

26 26 26 52 52 52 104 104 104 Experiment --- 
Tota l  4317 

Sola r  Powered (Random) 

Spacecraf t  2470 

Li fe  Support System 282 
Communications and T/M 158 
Expe r i m e  n t 26 

T o t a l  3431 

Service  Module 18 1 
Power Sources 3 14 

Solar-Powered (Oriented)  

Spacecraf t  
Serv ice  Module 
Power Sources 
L i f e  Support System 
Communications and T/M 
Experiment 

T o t a l  

Non-Recoverable Sys tem 

Solar-Powered ( random) 

Spacec ra f t  
Serv ice  Module 
Power Sources 
L i f e  Support System 
Communications and TIM 
Experiment 

T o t a l  

5688 7058 5462 

25OG 2530 2473 
187 194 291 
314 314 496 
461 640 531 
158 158 244 
26 26 52 -- 

3646 3862 3994 

7749 13041 7754 

2500 2530 2470 
211 220 242 

856 1181 1029 
244 244 41b 

52 32 104 

4359 4723 5126 

496 496 865 

2590 2740 2890 2590 2740 2890 2590 
165 172 178 174 184 193 192 
168 168 168 237 237 

227 
379 

282 461 640 531 856 11 1 1029 
158 158 158 244 244 244 416 
26 26 26 52 52 52 104 --- 

3389 3725 4060 3828 4313 4797 4710 

1500 1520 1560 1500 1530 1560 1500 
177 1 3 189 194 203 213 229 

282 461 640 531 856 1181 1029 

26 26 26 52 52 52 104 

246 246 246 389 389 389 675 

138 138 138 224 224 224 396 

2369 2584 2799 2890 3254 3619 3933 
--- 

11881 16010 

2500 2530 
257 273 
865 865 

1646 2263 
4 16 4 16 
- -  194 104 
5788 6451 

2740 2890 
2 08 224 
379 379 

1646 2263 
4 16 416 
104 104 - -  

5493 6276 

1530 1560 

675 675 
1646 2263 
396 396 

4595 5258 

244 26 0 

- -  104 104 
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APPENDIX 111-H 

COMBINED BATTERY AND SOLAR CELL SYSTEM 

I n  these c a l c u l a t i o n s  t h e  

service module i s  t a k e n  t o  be a 
c y l i n d e r  8 f t  i i l  d i ame te r  and 3ft 
i n  length. It  i s  a t t a c h e d  t o  
t he  Mercury  c a p s u l e  a s  shown i n  
u p p e r  f i g u r e  a n d  i t s  s i d e s  and 
exposed c i r c u l a r  face a re  cov- 
ered w i t h  solar cells .  When 

t h e  s u n ' s  rays  s t r ike  t h e  mod- 
u l e  a t  a n  a n g l e  @ f r o m  i t s  ax is ,  
as  shown i n  l o w e r  f i g u r e ,  t h e  

projected area of solar cells a s  
s u n  is 

= ~ ~ s i n @ , $ < ~ < n  

A t  t h i s  o r i e n t a t i o n  t h e  

cells  are capable 
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of pr  oduc ing 

10 A ( @ )  wat ts  

of e lectr ic  power ( s ince  a 10-watt/ft2 capab i l i t y  a t  normal 
incidence i s  assumed). If 10 A ( @ )  i s  l e s s  than the power 
requirements Po of the system, then the  addi t iona l  power 

w i l l  be drawn from storage b a t t e r i e s .  I f  10 A ( @ )  exceeds 
the power requirements of the  system, then the excess power 

i s  fed t o  s torage b a t t e r i e s  which a r e  charged with an assumed 
50 per cent e f f ic iency .  Thus the n e t  power developed b y  the 
cel ls  in  this  case i s  

1 1 
2 Po + 2 (10 A($) - Po) = - (Po f 10 A ( @ ) )  . 

I n  general  the n e t  power developed by the  c e l l s  i s  

1 
= 5 (Po -t 10 A ( @ ) ) ,  Po < 10 A ( $ )  . 

The probabi l i ty  densi ty  function f o r  @ i s  

f ( @ )  = 1 s i n  @ 
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Hence, the  average ne t  power developed by the  s o l a r  ce l l s  

while the  spacecraf t  i s  on the sunny s ide  of t h e  e a r t h  i s  

= J d@ $ s i n  @ 2 (Po .t 10 A ( @ ) )  
0 

where 
system. For randomly oriented spacecraf t  Po i s  given i n  

Appendix I11 a s  

Po i s  taken t o  be the average power required by the  

Number of Chimps or Rhesus 

95 
158 
284 

1 
2 
4 

2 

4 
8 

For t h e  module dimensions given above 

D = 8 f t  

L = 3 f t  

A(@) = 50.3 cos @ + 24 s i n  @ ft2 , 0 < 0 < : 
= 24 s i n  @ f t 2  Y Z < @ < T  . 

- 
In tegra t ing  numerically f o r  P y i e lds  

c 

P Number of Chimps or Rhesus 

220 w 1 2 

260 w 2 4 
310 w 4 8 
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Since the  spacecraf t  i s  assumed t o  be i n  sunl ight  during 
only ha l f  of i t s  o rb i t ,  these numbers should be halved t o  
y i e l d  the  average power developed by the  s o l a r  cel ls ,  v i z . ,  

1 -  1 -  N u m b e r  of Chimps o r  Rhesus Monkeys - 2 P - 2 PIPo 

Thus f o r  one chimp, more than enough power i s  developed by 
the  s o l a r  cel ls  and t h e i r  number can be reduced so t h a t  
t h i s  system reduces t o  System I1 of Fig. 12. For two chimps 
82 per c e n t  of system power requirements are m e t  and f o r  
four  chimps 55 per c e n t .  The weight savings e f fec ted  i n  
these cases are  calculated i n  Table H-1. 

-68- 

L ~ 

P- 3 '168 



~ 

COLUMBIA UNIVERSITY-ELECTRONICS RESEARCH LABORATORIES 

IV. ELECTROMAGNETIC BLOOD FLOWMETER RESEARCH 

A. GENERAL 

Research on the electromagnetic blood flowmeter was con- 
tinued during the current report period. It will be recalled 
that during previous years flowmeter research has concentrated 
on the fundamental phenomena basic to the measurement of blood 
flow by the Faraday effect and on the fundamental problems in- 
trinsic to implementing this phenomena. Experimental blood 
flowmeter systems for both sine-wave (Fig. 15) and square-wave 
systems (Fig. 16) were constructed and a first model light- 
weight, low-power flight model blood flowmeter (Fig. 17) was 
designed and constructed. This latter was accomplished during 
a nine-week period, in order that it might be made available 
for a NASA balloon experiment. Each of these systems has been 
reported in preceding Status Reports.* 

The flight model flowmeter system shown in Fig. 17, while 
not ideal, would be satisfactory for the orbital experiment 
described in Sec. I1 of this report (Item 3, Fig. 4). It is a 
highly stable and accurate device. When used to measure blood 
flow either in the aorta or pulmonary artery, as called for in 
the orbital experiment, a base-line reference is present during 
the diastolic interval (the resting phase) of each heart cycle: 
during the diastole, pulmonary artery blood flow is zero and 
aortic blood flow minus two per cent. However, this convenient 
reference is not present in other blood vessels of the body for 

* "Methods for Determining Blood Flow Through Intact Vessels 
of Experimental Animals under Conditions of Gravitational Stress 
and in Extraterrestrial Space Capsules," Status Reports P-1/168 
and ~-2/168 covering period from November 1, 1960 to July 30, 
1962, Electronics Research Laboratories, School of Engineering 
and Applied Science, Columbia University, New York, N. Y. 
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APPENDIX 111-1 

PHYSIOLOGICAL EXPERIMENT 

Weight nd power estimates given in Fig, 4 the ex- 
periment associated apparatus are self explanatory. On a 
per animal basis, exclusive of the television camera and 
transmitter which are included in the section on telemetry, 
these amount to 16 watts and 25 lb. 

TABLE 1-1 

WEIGJiI" OF EXPERIMENTAL APPARATUS 

Number of Animals from 
which Data being Recorded 
and Telemetered 1 2 4 

~ 

Mission Duration (days) 30 60 90 30 60 90 3.0 60 90 

Experimental Apparatus 25 25 25 50 50 50 100 100 100 
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Fig. 16 Experimental Square-Wave B l o o d  Flowmeter System 
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forward flow occurs during diastole. If the electromagnetic 
blood flowmeter is to be equally useful for measurement of 
blood flow in these other blood vessels, an accurate and re- 
liable electronic zero should be routinely obtainable. 

We will consider blood flowmeter development complete 
when instruments with the accuracy, reliability and stability 
of the instruments shown in Figs. 15,16,17 designed and tes- 
tea by this laboratory, have the further advantages of an 
absolute electronic zero, absence of all "proximity effects" 
and are suitably packaged. Effort on blood flowmeter during 
the current report period has concentrated on the development 
of an instrument suitable for use in any laboratory and on 
continued investigation of the phenomena interfering with the 
routine attainment of an absolute electronic zero and creating 
11 proximity effects. 11 

B. GENERAL PURPOSE LABORATORY FLOWMETER, MODEL A 

1. General Description 
Figure 18 is a photograph of the general-purpose labora- 

tory blood flowmeter that has been designed and fabricated 
during the current report period. It has been designed with 
a particular view towards its convenient use by laboratories 
having little or no engineering expertise. It is solid state 
and has been designed in a modular fashion. The flowmeter has 
been designed as a complete self-contained unit. As such it 
has a number of ancillary components that give it considerable 
flexibility and convenience. For example, a small oscilloscope 
is contained within the unit and appropriately connected to 
various points within the circuitry so that flowmeter probes 
can be readily balanced and various waveforms internal to flow- 
meter operation can be examined. 

A precision attenuator with controls on the face of the 
flowmeter operates on the output of the preamplifier so that 
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probes of var ious s e n s i t i v i t y  can be r ead i ly  adjusted t o  pro- 
v ide  output  indicat ions i n  standard u n i t s .  
is  included so t h a t  by simple switching any e l e c t r i c a l  leak- 
age between dr ive  circuits and s igna l  circuits might be read- 
i l y  detected.  Such leakage may develop through wear and tear 
of the probes c rea t ing  small breaks t h a t  permit the  seepage 
of t i s s u e  f l u i d s  i n t o  the  probe body. An e lec t ron ic  integra-  
t o r  is included i n  the  instrument so t h a t  flow r a t e s  can be 

in tegra ted  i n t o  flow volumes. This in tegra tor  has the  con- 
s iderable  advantage t h a t  a t  t he  end of any p a r t i c u l a r  exper- 
iment the  e n t i r e  probe-electronic-flowmeter system can be 
absolu te ly  ca l ib ra t ed  with the probe s i t u a t e d  on the  blood 
vesse l  exac t ly  a s  it has been used. This is accomplishedby 
blood co l l ec t ion  d i s t a l  t o  the probe and comparing the  col- 
l e c t i o n  of blood so obtained with the  ind ica t ions  of the in- 
t eg ra to r .  Other conveniences of the laboratory model a re  
described i n  following sect ions.  

A "leak tester" 

2. Overall  Operation 
The s t r u c t u r e  of the laboratory model flowmeter may be 

divided i n t o  a few bas ic  sect ions as i l l u s t r a t e d  i n  the  block 
diagram of Fig. 19. These are: (1) a probe which fits around 
the  i n t a c t  blood vesse l  generates a timevarying magnet* f i e l d  
across  the blood vesse l  and provides the flow s igna lbysens ing  
the  vol tage developed as  the stream of moving blood passes  
through the  magnetic f i e l d ;  (2) a pre-amplifier tr, amplify the  
flow s igna l  from the  probe: and ( 3 ) a d r i v e  and timing system 
to  provide exc i t a t ion  of t h e  probe magnet and t o  sample and 
f i l t e r  the  pre-amp o u t p u t , i n o r d e r  to  recover the flow infor-  
mation. Additional equipment provided toextend the  usefulness  
of the  basic flowmeter as a laboratory instrument includes t h e  
following: a var iab le  low-pass f i l t e r  toconver t  the phasic  flow 
s igna l  i n t o  a mean fLow signal ;  an in t eg ra to r  t o  accumulate 
flow volume: an oscilloscope to  permit viewing of several  ihternal 
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waveforms; a m e t e r  t o  display e i t h e r  flow rate o r  accumulated 
f l o w  volume: a mechanical counter t o  extend the in t eg ra to r  
range and permit t he  accumulation of l a rge  t o t a l  flow volumes. 
A regulated power supply i s  provided t o  operate  t h e  various 
c i r c u i t s .  

I n  operation the magnet co i l  of t h e  flowmeter probe i s  

excited by a 200-cps square wave current  and a 200-cps square 
wave f i e l d  of magnetic f lux  i s  produced across  the blood vesse l .  
The f l o w  of blood i n  the i n t a c t  blood vesse l  induces a vol tage 
as it f l o w s  through t h i s  f i e l d  of t h e  magnetic f l u x  (Faraday 
phenomenon). 
on t h e  outer  surface of the blood vesse l  w a l l .  A s p l i t  lead i s  
provided i n  order t o  buck out vol tages  induced by f l u x  l inkages 
between t h e  electrodes and the i r  connecting w i r e s  and t h e  m a g -  
n e t i c  f i e l d .  The output of t h e  probe and the  sp l i t - l ead  balan- 
cer i s  amplified by a pre-amplifier. 

T h i s  f l o w  s igna l  i s  sensed by a p a i r  of electrodes 

A ca l ib ra t ion  s igna l  i s  ava i l ab le  t o  p e r m i t  p r ec i se  adjust-  
ment of t h e  pre-amplifier gain.  And a prec is ion  a t tenuator  a t  
t h e  output of the pre-amplifier i s  ad jus tab le  t o  a value provided 
by c a l i b r a t i n g  each probe individual ly .  This  a l l o w s  a s ing le ,  
fixed set of e l ec t ron ic  components t o  provide output i nd ica t ions  
i n  standard u n i t s  f o r  a var ie ty  of probes. 

The output of t h e  pre-amplifier i s  fu r the r  amplified and a 
phase inve r t e r  i s  used t o  provide two inden t i ca l  outputs  180 deg 
out  of phase. Each output is sampled on a l t e r n a t e  ha l f  cycles  
f o r  a shor t  t i m e  near t h e  end of t h e  h a l f  cycle .  

The outputs  of t h e  t w o  sample gates are combined a t  the  in-  
pu t  of a 75-cps low-pass f i l t e r .  This " inve r t  and add" de tec t ion  
technique considerably reduces t h e  s e n s i t i v i t y  of t h e  system t o  
l o w  frequency noise .  The 75-cps f i l t e r  removes m o s t  of t h e  high 
frequency noise  with the  exception of noise  which is  synchronous 
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with t h e  sampling frequency. Noise i n  t h e  region around 200 
cps (275"cps), t h e  frequency which carries t h e  blood flow in-  
formation, o r  noise i n  the region around any odd harmonic of 
t h e  sampling frequency such as 6OO~cps, 10001 cps, e tc . ,  w i l l  

p a s s  through t h e  output f i l t e r .  No long t e r m  o f f s e t  can be 

generated by t h e  high frequency noise  s ince  t h e  phase rela- 
t i onsh ip  between t h e  noise  and t h e  sampling frequency i s  ran- 
dom. However, shor t  t e r m  va r i a t ions  i n  t h e  output w i l l  ocbblr. 
Therefore high frequency noise i n  t h e  s igna l  before  t h e  -de- 

t e c t o r  (sample g a t e s )  w i l l  cause l o w  frequency noise  a t  t h e  
output of t h e  75-cps f i l t e r .  
frequency response of t he  amplif ier  i s  d e l i b e r a t e l y  l imi ted  
t o  about 1000 cps. 

.% 

To minimize t h i s  e f f e c t  t h e  

The output of t h e  f i l t e r  i s  t h e  phasic  bloodflow s i g n a l .  
A second f i l t e r  with a selectable t i m e  constant provides a 
separa te  f ront  panel output with sharply reduced high f r e -  
quency content,  t h e  mean o r  average flow rate .  The flow out- 
put can a l so  be in tegra ted  t o  provide an accumulating volumet- 
r i c indica t ion .  When in tegra t ing ,  should t h e  in t eg ra to r  
reach f u l l  s ca l e  output i t  i s  automatically reset and t h e  
event recorded on an electromechanical counter which provides 
a long t e r m  record of t o t a l  accumulated flow. 

Phasic flow rate,  mean flow ra te  o r  in tegra ted  flow (f low 
volume) are  displayed on a m e t e r ,  (subject t o  t h e  frequency 
l imi t a t ion  of t h e  m e t e r  i t s e l f  i n  t h e  case of t h e  p u l s a t i l e  
flow s igna l )  o r  may be separa te ly  recorded. 

3. Probe and Input Balancer 

The flowmeter probe contains  a magnetic s t r u c t u r e  cons i s -  
t i n g  of a c o i l  of w i r e  wound over a magnetic core ,  p lus  a flow 
sec t ion  containing four  e lec t rodes  which contact  t h e  ex te rna l  
surface of t h e  vessel  under s tudy.  A s impl i f ied  representat ion 
i s  shown i n  Fig.  20. 
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Fig. 20 Diagramatic Drawing of Flowmeter Probe 

~-3/168 -81- 



COLUMBIA U N I VERSITY-ELECTRON I CS RESEARCH LABORATORI ES 

The u-shaped magnetic core i s  fabricated from high per- 
meabi l i ty  f e r r i t e .  The use of a f e r r i t e  core provides satu-  
r a t i o n  f lux  d e n s i t i e s  approaching those a t t a i n a b l e  i n  i r o n  
a l l o y  core mater ia ls  combined with high bulk r e s i s t i v i t y  which 
sharply c u r t a i l s  eddy cur ren ts .  
mater ia ls ,  eddy cur ren ts  i n  the  pole faces  not  only d i s t o r t  
t h e  f i e ld  i n  the region through which t h e  blood flows, bu t  
also p e r s i s t  f o r  a considerable per iod of t i m e  after t h e  d r ive  
current  has  reached a stable value.  
f a l l  t o  zero promptly a t  t h e  beginning of each half cycle ,  bu t  
persists. While it is  t h e o r e t i c a l l y  poss ib le  t o  balance out  
any d@/dt induced s igna l ,  any r e s idua l  s igna l  o r  any error i n  
balancing w i l l  provide an output not related t o  flow. 

I n  ordinary i r o n  a l l o y  core 

Therefore d@/dt does not 

The magnet c o i l  cons i s t s  of severa l  hundred t u r n s  of f i n e  
w i r e  wound over the center  of t h e  u-core and insu la ted  from i t .  
I n  addi t ion  t o  magnet ic  coupling between t h e  c o i l  and electrodes, 
spurious s igna ls  can be induced e i ther  by r e s i s t i v e  leakage 
cur ren ts  flowing through t h e  pot t ing  compound used t o  encase 
the body of t h e  probe, o r  through capac i t ive  coupling-due t o  
the f i n i t e  d i e l e c t r i c  constant of t h e  po t t ing  compound-. Both 
these  effects are minimized by surrounding the c o i l  w i t h  a con- 
duct ive shield-which is  grounded, The shield i s  w r a p p e d  com- 
p l e t e l y  around the c o i l  bu t  the overlap i s  insu la ted  t o  prevent 
t h e  formation of a shorted t u r n  i n  t h e  f i e l d  of t h e  magnet. 

Within t h e  j a w s  of t h e  magnet, a pipe o r  flow sec t ion  i s  
mounted which i s  an  i n t e g r a l  p a r t  of t h e  probe body and f l a r e d  
smoothly a t  the ends t o  minimize abrasion w h e r e  t he  probe con- 

t ac t s  a blood vesse l .  The flow sec t ion  contains  four W t r o d e s  
which contact t h e  w a l l s  of t h e  blood vesse l  when the  probe i s  
i n  p lace .  Two e lec t rodes ,  mounted c lose  t o  t h e  magnet jaws,are 
grounded. The o ther  two electrodes,  located on the  cen te r l ine  
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of the  probe perpendicular t o  the magnetic f i e l d ,  are con- 
nected t o  the input of a low noise  d i f f e r e n t i a l  preamplif ier .  
The e lec t rode  nearest the  magnet c o i l  is  d i r e c t l y  connected 
t o  the  preamplif ier ,  while the e lec t rode  between the t i p s  of 
the  jaws is  connected by means of two w i r e s  ( s p l i t  lead)  t o  
the  ends of a potentiometer. The arm of the potentiometer 
is then connected to  the  other  pre-amp input.  

In  p rac t i ce  the  s igna l  e lectrodes and t h e i r  lead w i r e s  
can never be placed prec ise ly  i n  the  c e n t r a l  plane of the  
probe ( i n  the  plane of the magnetic f i e l d ) .  Therefore the 
e lec t rodes ,  the blood vessel  between the  e lec t rodes  and the  
lead w i r e s  from the electrodes form a s ing le  tu rn  t ransfor-  
m e r  secondary within the  probe f i e l d .  Each time the direc-  
t i o n  of cur ren t  flow i n  the magnet c o i l  is  reversed the  f i e l d  
between the  probe j a w s  w i l l  be reversed and a s igna l  propor- 
t i o n a l  t o  d$/dt w i l l  appear a t  t he  pre-amp input.  The upper 
e lec t rode ,  i t s  s p l i t  lead,  and the  potentiometer a l so  form a 

s i n g l e  t u r n  of w i r e  within the magnetic f i e l d  of the  probe. 
The s p l i t  lead w i r e s  a r e  de l ibera te ly  posi t ioned on e i t h e r  
s i d e  of the c e n t r a l  plane of the  probe t o  in t e rcep t  a f i n i t e  
por t ion  of t he  f i e l d .  Therefore s igna l  propor t iona l  t o  d$/dt 
w i l l  a l so  appear i n  the  s ing le  tu rn  secondary c rea ted  by the 
u s e  of a s p l i t  lead from one electrode.  By ad jus t ing  the po- 
tent iometer  i n  t he  s p l i t  lead c i r c u i t  t he  undesired s igna l  can 
be balanced out .  Therefore the  s p l i t  lead potentiometer acts 
a s  an input  balancer and i s  adjusted t o  minimize the unde- 
s i r e d  spike which occurs a t  the  onse t  of each half-wave. 

To permit the  i n s e r t i o n  of a vesse l  i n t o  the probe jaws 
the  body of the probe i s  s l o t t e d  near the  s p l i t  lead elec- 
t rode.  A s l o t t e d  key is  provided t o  c lose  the s l o t  a f t e r  the  
ves se l  i s  i n  place.  
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The signal and magnet leads are twisted and brought out 
through individual shielded cables to minimize spurious sig- 
nals induced in the electrode leads by the large magnet cur- 
rents. The cables are carefully sealed to the probe to pre- 
vent fluid leakage. The probe and cables have exterior sur- 
faces which exhibit minimum tissue reactivity. The functional 
elements of the probe are cast into a body of thoroughly 
catalyzed epoxy. The cable jackets are made of extruded 
polyurethane which provids high flexibility. 

4. Preamplifier 

The output of the probe and balancing network are connec- 
ted to the input of a low noise differential AC amplifier. The 
unit used in this first model is a Telemedics (type MA) which 
provides a gain of over 20,000 with a common-mode rejection of 
80 db. The high common-mode rejection not only helps eliminate 
spurious signals out prevents large signals such as EKG and 
streaming potentials from masking the small flow-induced signal 
by overloading the pre-amplifier. The total noise contributed 
by the amplifier in the pass band of the filter ( 5 ' 5  cpS around 
the 200-cps carrier frequency) is approximately 0.25 microvolt 
when operating with a 1000-ohm source impedance. 

The schematic diagram of the pre-amp is shown in Fig. 21. 
A five-position attenuator adjusts the gain of the pre-amplifier 

in fixed steps to provide a full scale output of 100, 300, 1000, 
3000, or 10,000 cc per minute. The first attenuator position 
uses the full gain of the pre-amplifier. The second and third 
positions add a voltage divider at the pre-amplifier output, 
reducing the output to 30 per cent and 10 per cent of maximum, 
respectively. 

To prevent overloading in the final amplifier stages the 
last two attenuator positions repeat positions two and three 
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while shunting an internal feedback resistor with an external 
resistor chosen to reduce the amplifier gain..by a factor of 
10. 

, The pre-amplifier output is connected to a ten-turn 10 
kilohm potentiometer (probe equalizer) which is adjusted to 
a value provided with each probe. This value is determined 
by measuring the individual probe flow sensitivity. The cal- 
ibration setting then adjusts the overall gain of the pre-amp 
to a value which provides a fixed output signal for a standard 
flow rate from any probe. The variation in flow sensitivity 
from probe to probe is sufficiently small to be compensated 
for by a single potentiometer. 

The output of the potentiometer is isolated by a comple- 
mentary symmetry emitter follower using high beta NPN and PNP 
transitors, types 2~1308 and 2N1309, respectively. 

The emitter follower output is amplified by a single stage 
amplifier using a 2N1309 transistor. The output of this ampli- 
fier is connected to an adjustable 10 k series resistor which, 
together with the input impedance of the following stage, 'acts 
as an adjustable voltage divider. This gain control (calibra- 
tion adjustment) is used to set the overall gain of the system 
to a standard value and compensate for small changes in ampli- 
fier gain or probe drive which accumulate in time. A 10-micro- 
volt calibration signal, derived from the probe drive circuit, 
is developed across a l-ohm precision resistor and applied to 
the pre-amplifier input. The calibration adjustment i s  then 
set to provide full scale output on the 3000 cc/min range with 
the probe equalizer set to maximum. 

A second l-ohm precision resistor is available to parallel 
the first resistor reducing the-calibration voltage to one half 
its normal value to check the linearity of the system. 
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The use of a ca l ib ra t ion  s igna l  derived from the probe 
d r i v e  system provides automatic compensation for changes which 

may accumulate i n  the probe d r i v e  system. 
d r i v e  should decrease 10 per cent ,  the  c a l i b r a t i o n  s i g n a l  
would also drop 10 per cent  as would t h e  f l o w  s igna l  f o r  any 
given f l o w .  The increase i n  ga in  required t o  achieve a nor- 
m a l  output.-for t h e  ca l ib ra t ion  s igna l  would be the  same as 
required t o  provide the proper f l o w  ind ica t ion  f r o m  a probe. 
Therefore, t h e  gain ca l ib ra t ion  w i l l  al low a f ixed  probe cal- 
i b r a t i o n  t o  be used despi te  v a r i a t i o n s  i n  either pre-amp ga in  
or probe d r ive .  

Thus i f  t h e  probe 

5. Timins C i r c u i t s  and Maqnet Drive 

A schematic of the timing system i s  shown i n  Fig,  22. 
The timing c i r c u i t s  a l l  der ive their  m a s t e r  t i m e  base from a 
s ing le  free running relaxat ion o s c i l l a t o r  operat ing a t  3200 
cps using a 4E20 Shockley diode. 
l a t o r  i s  divided by t h r e e  flip-flops t o  400 cps. 
f l o p s  are b u i l t  around 2N52O t r a n s i s t o r s  zld 1 ~ 6 5 8  diodes 
which are used f o r  a l l  logic  funct ions.  The 400-cps s igna l  
i s  delayed about 0 .3  m s e c  by a delay mul t iv ibra tor  used t o  
f i r e  a pulse  generator w h i c h  d r i v e s  a pair  of s i l i c o n  con- 
t ro l led  rec t i f ie rs (SCR) ,  type TI-40. The S . C . R . * s  act as a 
f l i p - f lop  and output d r ive r  amplifier. Each t i m e  the 400-cps 
pulse  is  applied t o  the gate inpu t s  of both S . C . R . ' s  t h e  u n i t  
which had been o f f  fires and a s m a l l  LC commutating network 
quenches t h e  u n i t  w h i c h  had been conducting. The S . C . R . ' s  

operate between 224 vdc regulated l i n e s  and are coupled di-  

r e c t l y  t o  the probe magnet through 100-ohm, 50-watt resistors. 
T h i s  provides a very l o w  L/R r a t i o  and insures  rap id  r ise  of 
the magnet d r ive  cur ren t .  A stable square cur ren t  wave i s  
produced i n  t h e  probe magnet with a one-half amp magnitude. 

The output of t h e  oscil- 
The f l ip -  
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The probe may be replaced by a small internal inductor 
This allows checking the zero of the with similar L and R. 

unit with the gates in operation but with no drive signal 
applied to the probe magnet. 

Since the 3200-cps master oscillator signal is divided 
to 200 cps there are eight oscillator pulses for each cur- 
rent reversal in the probe magnet. This provides eight dis- 
tinct time intervals within each half cycle which may be se- 
lected by appropriate logic gates and used for auxiliary 
functions. In particular, a set of auxiliary gates selects 
the sixth and seventh time intervals for driving the sample 
gates. The gate drivers are 2N1991 PNP silicon transistors. 

The output signal from the pre-amplifier section is 
connected to a 2N1991 transistor operating as a conventional 
cathodyne" phase inverter. Each phase inverter output is 11  

connected to a single stage voltage amplifier consisting of 

a 2N1991 for the emitter output, and a 2N198LC NPN silicon 
transistor for the collector output. The 281984 and 2N1991 
transistors are close complements and are used in identical 
circuits with considerable emitter degeneration. This pro- 
vides very closely matched gains. The amplifier outputs are 
isolated by double emitter followers, consisting of PNP, NPN 
pairs capable of supplying current in either direction. 2Nlg& 
and 2N1991 pairs were chosen to provide the necessary ampli- 
tude capability. The emitter followers are connected to 2~596 
bilateral switching transistors capable of conducting in either 
direction when energized. These transistors act as sample 
gates and conduct during time intervals 6 and 7 on alternate 
half cycles. The outputs of the sample gates are filtered to 
remove the sampling frequency. The time constants at the 
outputs of the individual sample gates are of the same order 
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of magnitude as the time between successive pulses. There- 
fore, the sample gates act very much like conventional "box 
car'' detectors. The combined output of the two separate 
sample gates are isolated by a NPN, PNP compl'ementary emit- 
ter follower consisting of 2~1308, 2N1309 transistors. The 
output of the isolation amplifier is connected to the input 
of a 75-cps low pass filter which removes the residual car- 
rier signal, and restricts the output to the frequencies of 
interest. Restricting the output bandwidth to only the 0 - 
75 cps region also eliminates considerable noise. The max- 
imum bandwidth of a sampling system extends to roughly one 
half the sampling frequency, which is 400 cps in this flow- 
meter. Therefore the output filter reduces the bandwidth 
from 200 cps to 75 cps which lowers the output noise by al- 
most a factor of two. The filter output is isolated by 
another double emitter follower, again using a 2~1308, 2N1309 
pair, and brought out on a front panel jack marked P.O. (pulse 
output). This signal contains the instantaneous flow rate 
information. 

Two details of the system are unusual and warrant addi- 
tional discussion: the gate configuration and the choice of 
gate interval. The use of an inverter plus two gates which 
operate on alternate half cycles is called "invert and add" 
logic. For the desired signal, the outputs from the inverter 
will be of the same magnitude and polarity on alternate half 
cycles. Therefore, when the gate outputs are added, two suc- 
cessive samples will add to produce a larger combined output. 
However, for a signal which varies slowly compared to the 
sampling rate, such as low frequency noise, the signal will 
fail to reverse synchronously with the sampling rate and suc- 
cessive samples will be of similar magnitude but opposite 
polarity. Therefore, they will subtract when combined, ef- 
fectively removing the spurious signal from the output. 
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The choice of t he  sampling per iod is somewhat a r b i t r a r y  
and represents  a compromise between a wide sample i n t e r v a i  
which provides maximum energy t o  the  f i l ters  and therefore  
m a x i m u m  signal-to-noise r a t i o ,  and a sample period located 
l a t e  i n  each ha l f  cycle  t o  avoid, as far as possible ,  t h e  in- 
c lus ion  of a por t ion  of the spike which i s  generated each ha l f  
cycle  by t h e  reversal of the magnetic f i e l d  of t he  probe. Al- 
though t h e  d$/dt por t ion  of t h e  spike should be removable, in-  
ves t iga t ion  ind ica tes  t h a t  t heo r ig*  of t h e  spike i s  consider- 
ably more complex than expected from a simple model. The elec-  
t rode- f lu id  in t e r f ace  plays a prominent r o l e ,  a s  ye t  not com- 
p l e t e l y  def ined.  Eddy currents  i n  t he  pole faces ,  and i n  t h e  
blood and surrounding t i s sues  a l s o  contr ibute  subs t an t i a l ly .  
The e n t i r e  phenomenon i s  under ac t ive  inves t iga t ion  b u t  i s  
present ly  not w e l l  understood. The choice of i n t e r v a l s  s ix  
and seven represents  a good compromise s ince  it i s  la te  enough 
t o  avoid most of t h e  spike,  w i d e  enough t o  provide considerable 
energy t o  t h e  f i l ters and ends w e l l  before  t h e  onset  of t h e  
next spike,  insuring t h a t  the ga t e  c loses  completely before  t h e  
spike s t a r t s .  

The pu lse  output s ignal  is f i l t e r e d  through a s ing le  s tage  
R.C. f i l t e r  with a se lec tab le  time constant t o  convert it t o  a 
mean o r  average output ,  The f i l t e r  output  i s  i so l a t ed  by a 
2N1309 emitter follower followed by a 2N1984, 2N1991 complemen- 
t a r y  emi t te r  follower and brought out on a f ron t  panel jack. 

The flow s igna l  i s  separately in tegra ted  by a Phi lbr ick  
P-2 opera t iona l  amplif ier  t o  y i e ld  a s igna l  proport ional  t o  ac- 
cumulated flow volume. A' complementary emi t te r  follower con- 
s i s t i n g  of a 2 ~ 1 3 0 8  and 2N1309 a c t s  as an i s o l a t i o n  amplif ier  
between the in t eg ra to r  output and the  f ron t  panel jack marked 
I .O. The f u l l  s ca l e  in tegra tor  output corresponds t o  a t o t a l  
flow equal t o  f u l l  sca le  on the flow rate range being used. 
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For example, i f  t h e  3000-cc/min range i s  being used, then 
maximum in tegra tor  output corresponds t o  3000 cc. 

When t h e  in tegra tor  reaches f u l l  output a sp i l l ove r  c i r -  
c u i t  consis t ing of two 2N5209s and a 4E20 d e t e c t  t h i s  and re- 
set  t h e  in tegra tor  through a r e l ay .  The reset i s  recorded on 
an electromechanical counter which acts as t o t a l  flow accumu- 
l a t o r  f o r  la rge  t o t a l  flows. The i n t e g r a t o r  may a l s o  be used 
t o  provide accumulated flow per  u n i t  t i m e  and may be reset man- 
u a l l y  or by means of an ex terna l  s igna l  a t  any t i m e .  An in-  
t e r n a l  pulse generator w i l l  reset t h e  in t eg ra to r  every 10 sec 
or every 30 sec i f  des i red .  

The voltage d iv ider  which provides t h e  10 microvolt P t o  
P ca l ib ra t ion  s igna l  t o  t h e  pre-amp i s  a l s o  located on the  

t iming chassis .  Locating the  d iv ider  on the  pre-amp chassis 
produces un'desirable pickup due t o  the  large input  s igna l  t o  
t h e  d iv ider .  

6 .  Oscilloscope 

A small osci l loscope is  b u i l t  i n t o  t h e  f l o w m e t e r  t o  per- 
m i t  viewing pe r t inen t  waveforms, such as the probe d r ive  o r  t h e  
pre-amp output.  The schematic i s  given i n  F ig .  23. Note t ha t  

t h e  flow in tegra tor  i s  a c t u a l l y  mounted on the  osci l loscope 
chassis. 

7. Power Supply 

A r e g u l a t e d  power supply shown i n  Fig.  24 i s  b u i l t  i n t o  
t h e  flowmeter. The output of t h e  main supply i s  50 VDC. A 

series of zener diodes provides intermediate voltages.  The 

supply i s  grounded a t  t h e  center  of t h e  zener diode series 
s t r i n g  providing output voltages of i-7.5, 215 and 225 VDC w i t h  
respect  t o  ground. A l l  outputs  are regulated t o  21 per cent  
and w e l l  f i l t e r e d .  
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The power supply section also includes the mechanical 
counter for the integrator reset and a meter for displaying 
P . o . ,  14.0. and 1.0. A meter zero balance control is also 
provided. 

8. Rear Chassis 
A small chassis located at the rear of the equipment 

cabinet (Fig. 25) provides rear access to the P . O . ,  M . O . ,  

and 1.0. outputs plus an input for external resetting of 
the integrator. The 75-cps low pass filter is located on 
this chassis. 

C. RENAINING PROBLEMS 

Two closely related problems remain to be solved to com- 
plete flowmeter development. These are the routine and de- 
pendable attainment of an absolute electronic zero and the 
elimination of the "proximity effect . I '  BY IT electronic zero" 
we refer to the establishment of an absolute zero baseline 
while the flowmeter probe is in place on a blood vessel and 
flow continues in an uninterrupted fashion. "Proximity ef- 
fect" refers to a shift in zero baseline when the physical 
relationships of neighboring dielectric materials with re- 
spect to the probe are considerably altered. 

These problems are related to the switching interval dur- 
ing which polarity of the magnetic field is reversed, as must 
frequently be done if polarization effects at the surface of 
the electrodes are to be cancelled out. During the switching 
interval a transformer voltage d$/dt is induced in the loop 
consisting of the two electrodes, the conductive path between 
them and the electrode leads. The sp,lit lead arrangement de- 
scribed in Sec. IV-D operates so that an additional voltage 
spike might be induced to buck the d@/dt spikes. 
of the potentiometer connecting the two- split leads at which 

The position 
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d@/dt spikes  are-bucked t o  some small acceptable value i s  a 
balanced condition" fo r  the probe. I n  t he  "balanced con- 

d i t i on"  only flow-generated s igna ls  appear during t h e  sam- 
pl ing  i n t e r v a l  and the zero base l ine  can be accura te ly  ob- 
ta ined  e i t h e r  by turning off t h e  magnet dr iver  by disconnec- 
t i n g  t h e  probe input .  I n  the unbalanced condition, when the  
d@/dt spikes  a r e  unduly large,  t h e  "tails" of t he  spikes  a r e  
not  a t  zero po ten t i a l  (due t o  AC coupling) and thereby in-  
troduce an e r r o r  s igna l .  This e r r o r  s igna l  is, i n  e f f e c t ,  
a zero base l ine  o f f s e t  fo r  it would not be present  i f  t he  
magnet dr iver ,  o r  t he  probe input,were t o  be disconnected 
b u t  would be present  w e r e  flow simply t o  be in te r rupted .  

11 

During t h e  switching in te rva l ,  eddy currents  a r e  induced 
The eddy cur- i n  t he  medium surrounding the  flowmeter probe. 

r e n t s  both tend t o  alter the magnetic f i e l d  and tend t o  in-  
troduce s igna l s  d i r e c t l y  a t  t h e  sensing electrodes.  Since 
the eddy cur ren ts  are dependent upon the  shape and pos i t ion  
of t he  m e d i u m  surrounding the electrodes,  they change w i t h  

va r i a t ions  i n  t h e  physical  r e l a t ionsh ips  of surrounding di-  

e l e c t r i c s  t o  the probe. Thus a probe i n i t i a l l y  "balanced" 
can be put "out of balance" by changes i n  the "proximity" 
of d i e l e c t r i c s .  

Extensive experimentation has demonstrated t h a t  a nurrber 
of f a c t o r s  a r e  of importance i n  accomplishing ease and main- 
ta inance of probe "balance." These include symmetry of mag- 
n e t i c  f i e l d s  and low impedance of the  sensing e lec t rodes .  
Thus probes fabr ica ted  w i t h  Helmholtz c o i l s  o r  with magnet 
cores  wound with c o i l s  brought c lose t o  t h e  magnet a i r  gap 
are advantageous. 
e lec t rodes  appear t o  be sa t i s f ac to ry .  

Platinum o r  platinum/platinum chlor ide 

High bulk r e s i s t i v i t y  i n  the  mater ia l s  of which t h e  
probe magnet cores are made diminish t h e  eddy cur ren ts  wi th in  
t h e  cores  themselves.  

~-3/168 -97- 



COLUMBIA UNIVERSITY-ELECTRONICS RESEARCH LABORATORIES 

Investigation in this general area will be intensified 
during the early part of the next grant period. An attempt 
will be made to design and implement a scheme to compensate 
for the adverse effects of the eddy currents. 
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V. IMPLANTABLE BLOOD OXYGEN SATURATION SENSOR 

AND HEMATOCRIT SENSOR 

A .  INTRODUCTION 

A key transducer i n  the experimental assessment of the 

e f f e c t s  of sustained space f l i g h t  on body physiology is  the 

implantable transducer by means of which a r t e r i a l  oxygen 
sa tu ra t ion  and venous oxygen sa tu ra t ion  are monitored. ( I t e m s  
1 and 2 Fig.  4 . )  
purpose do not  otherwise ex i s t  (although they would be ex- 
tremely u s e f u l  t o o l s  i n  medical research) ,  th is  Laboratory 
i n i t i a t e d  a research program di rec ted  toward their develop- 
ment during t h e  cur ren t  report  period. 

Since suitable devices t o  accomplish t h i s  

A f t e r  evaluation of a var ie ty  of approaches, a spectro- 
photometric method w a s  chosen a s  most promising. Consistent 
with the general  p r inc ip le  that implantable b io log ica l  t rans-  
ducers should not come i n t o  contac t  w i t h  blood, specif ica-  
t i o n  of these devices cal led f o r  t h e i r  placement ex te rna l  t o  
appropriate  blood vessels .  A m o d e  of operation t h a t  senses 
the l i g h t  w i t h i n  pa r t i cu la r  s p e c t r a l  bands sca t t e red  back 
( r e f l e c t e d )  from the blood ra ther  than t ransmi t ted  through the  
blood w a s  chosen. The reasons f o r  t h i s  choice a r e  two-fold, 
Analysis of t h e  mathematics of t he  backsca t te r  vs  transmission 
mode of operation revealed a considerable  s impl i f ica t ion  of 
implementation by the  former: measurements by the backsca t te r  
mode require  implementation of a l inear  r e l a t ionsh ip  while 
measurements using the transmission mode demand implementa- 
t i o n  of a complex relat ionship,  the  r a t i o  of two logarithms 
of two r a t i o s .  Fur ther ,  the f r a c t i o n  of l i g h t  ava i lab le  f o r  
measurement is  considerably g rea t e r  by backsca t te r  than by 
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transmission. Since the power required t o  operate the  de- 
vices  and the propensity of the  device t o  heat  the  blood ves- 
s e l  wal ls  are d i r e c t l y  r e l a t ed  t o  the  l i g h t  l e v e l s  required,  
the backscat ter  mode i s  of spec ia l  advantage i n  a transducer 
coupled t o  blood vessel  wal l s .  

B .  THE RELATIONSHIP BETWEEN BLOOD OXYGEN SATURATION AND 
OPTICAL BACKSCATTER 

Figure 26 dep ic t s  the o p t i c a l  backsca t te r  c h a r a c t e r i s t i c s  
of .  oxyhemoglobin and reduced hemoglobin i n  the s p e c t r a l  re-  
gion between 500 and 100 m b .  I n  t h i s  f igu re ,  the  backsca t te r  
r a t i o  (defined a s  the r a t i o  of backscat tered t o  incident  l i g h t  
i n t e n s i t y )  is p lo t ted  a s  a funct ion of wavelength. The spec- 
t r a l  d i s t r i b u t i o n  t h a t  i s  obtained f o r  oxyhemoglobin (100 per 
cent  oxygen sa tu ra t ion )  i s  shown a s  a s o l i d  curve and t h a t  
obtained f o r  reduced hemoglobin ( 0  per cent  oxygen sa tu ra t ion )  
i s  shown as a dashed curve.  Basical ly ,  it is  t h i s  marked 
d i f fe rence  i n  backsca t te r  r a t i o s  of the pigments oxyhemoglobin 
and reduced hemoglobin, t h a t  permits the measurement of oxygen 
sa tu ra t ion  by t h i s  technique. 

It w i l l  be noted t h a t  oxyhemoglobin backsca t te rs  l i g h t  
a t  wavelengths g rea t e r  tban 600 
r a t i o  occurring a t  TOO m b .  Reduced hemoglobin backsca t te rs  
l i g h t  s t rongest  i n  the  inf ra red  (900 - 1200 mp,) region, poor- 
e s t  i n  the  red region and i t s  backsca t te r  r a t i o  e s s e n t i a l l y  
increases  a s  a funct ion of wavelength f r o m  600 t o  1000 m p .  

w i t h  a peak backsca t te r  

Both oxyhemoglobin and reduced hemoglobin have equal 
backsca t te r  r a t i o s  a t  805 mw. T h i s  point  i s  c a l l e d  the  i sos-  
b e s t i c  point and a t  t h i s  poin t  backsca t te r  i s  independent of 
oxygen sa tura t ion .  

The quant i ta t ive  r e l a t ionsh ips  between oxygen sa tu ra t ion  
and backscat ter  r a t i o s  a r e  contained i n  Sec. V-C and Appen- 
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WAVELENGTH RANGE FOR MAXIMUM BACKSCATTER SENSITIVITY. 

WAVELENGTH RANGE FOR MAXIMUM BACKSCATTER SENSITIVITY WITH 
MINIMUM SKIN PIGMENT SENSIT IV ITY .  
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d i x  V-A. These re la t ionships  have been confirmed experimen- 

t a l l y  and r e s u l t  i n  t he  following desc r ip t ion  f o r  the o p t i c a l  
p rope r t i e s  of hemoglobin: If mixtures of reduced and oxy- 
genated hemoglobin a r e  present  i n  whole blood ( i . e ,  , i f  oxy- 
gen sa tura t ion  i s  between 0 per  cent  and 100 per c e n t ) ,  the 

spectral d i s t r ibu t ion  curve f o r  t h e  mixture w i l l  f a l l  between 
the s o l i d  and the dashed curves as i l l u s t r a t e d  i n  Fig.  26 by 
the dot ted curves.  Also, f o r  l i g h t  a t  a f ixed wavelength 
within th i s  s p e c t r a l  band the backscatter r a t io  changes mono- 
t o n i c a l l y  w i t h  a monotonic change i n  oxygen sa tu ra t ion .  For 
example, incident  l i g h t  having a narrow s p e c t r a l  w i d t h  ( i . e . ,  
e s s e n t i a l l y  monochromatic l i g h t )  centered a t  660 q~ r e s u l t s  
i n  a backscat ter  r a t i o  which changes monotonically from 0.16 
t o  0.02 a s  oxygen sa tu ra t ion  i s  reduced monotonically from 
100 per c e n t  t o  0 per cent .  A t  1000 mWr backsca t te r  ra t io  
increases  f r o m  0 . 1  t o  0.16 as the oxygen sa tu ra t ion  i s  re- 
duced from 100 per cent  t o  0 per cent .  The only exception 
occurs a t  805 w, the isosbestic point ,  w h e r e  the backscatter 
r a t i o  is  independent of oxygen sa tu ra t ion .  

The above holds t r u e  so  long as  the t o t a l  hemoglobin 
concentration (reduced p lus  oxygenated) remains constant .  AS 

the hemoglobin concentration is  increased, a l l  of the curves 
i n  Fig.  26 shif t  up v e r t i c a l l y  by an amount w h i c h  is  l i n e a r l y  
related t o  the increase i n  t o t a l  hemoglobin concentrat ion.  

Since the backsca t te r  r a t i o  a t  the i s o s b e s t i c  wavelength 
is  independent of oxygen sa tu ra t ion ,  measurements made a t  
th i s  wavelength e s s e n t i a l l y  determine t h e  average concentra- 
t i o n  of hemoglobin present  (see Sec. V I ) .  A simultaneous de- 
termination of the backscatter r a t i o  a t  some o ther  s i g n a l  
wavelength, and preferably one w h i c h  is q u i t e  s e n s i t i v e  t o  
oxygen s a t u r a t i o n  w i l l ,  i n  combination w i t h  the i sosbes t i c  
measurement, permit the q u a n t i t a t i v e  determination of oxygen 
sa tu ra t ion .  
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C. QUANTITATIVE RELATIONSHIP BETWEEN BLOOD OXYGEN SATURA- 
T I O N  AND OPTICAL BACKSCATTER 

The approach t o  the problem of quan t i t a t ive ly  r e l a t i n g  
blood oxygen sa tu ra t ion  t o  the aforementioned backsca t te r  
r a t i o s  ( r a t i o s  of l i g h t  i n t e n s i t i e s )  can be summarized a s  

L a m b e r t ' s  absorption law is applied t o  determine 
the  absorption c h a r a c t e r i s t i c s  of the  pigments 
present  i n  skin and blood. 

B e e r ' s  absorption law fo r  mixtures is then used 
t o  determine the combined o p t i c a l  c h a r a c t e r i s t i c s  
of oxyhemoglobin and reduced hemoglobin. 

F resne l ' s  r e f l ec t ion  law is then applied t o  de- 
termine the r a t i o  of backscat tered t o  incident  
l i g h t  a s  a function of the aforementioned ab- 

sorpt ion cha rac t e r i s t i c s ,  l i g h t  wavelength, hemo- 
globin concentration and oxygen sa tura t ion .  

The r e s u l t i n g  expressions a re  then used t o  solve 
f o r  the  oxygen sa tura t ion  ( r a t i o  of oxyhemoglobin 
concentrat ion t o  t o t a l  hemoglobin concentrat ion)  
as  a funct ion of measurable l i g h t  i n t e n s i t y  l e v e l s  
and known constants.  

Such an ana lys i s  (see Appendix V-A) revea ls  the follow- 

ing r e l a t ionsh ip  between oxygen sa tu ra t ion  co and the meas- 
u r a b l e  l i g h t  i n t e n s i t i e s :  

where 
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B = a known constant  cons is t ing  of r a t i o s  of ext inc-  
t i o n  c o e f f i c i e n t s  f o r  reduced hemoglobin and oxy- 
hemoglobin a t  t he  s i g n a l  wavelength As . (See 

Eq. (11) i n  Appendix V-A) 

A = a known constant  cons i s t ing  of r a t i o s  of ext inc-  
t i o n  c o e f f i c i e n t s  f o r  reduced hemoglobin and oxy- 
hemoglobin a t  t h e  s igna l  wavelength As and a t  
the i sosbes t ic  wavelength Xi . (See Eq. (12)  i n  
Appendix V-A) 

- incident  l i g h t  i n t e n s i t y  a t  the - isosbes t i c  wave - 
l e n g t h -  hi 

= backscattered l i g h t  i n t e n s i t y  a t  the j s o s b e s t i c  'b i 
wavelength hi 

Ibs = backscattered - l i g h t  i n t e n s i t y  a t  the s i g n a l  wave- 
length hs . 

Equation (1) shows tha t  oxygen sa tu ra t ion  i s  quant i ta -  
t i v e l y  determined by forming the products of the r a t i o s  of 
l i g h t  i n t e n s i t i e s  a t  two p a r t i c u l a r  wavelengths, multiplying 
t h i s  product by a known physical constant  and then adding t o  
the  r e su l t i ng  product another known physical  constant .  Fur- 
thermore, the first r a t i o  of l i gh t  i n t e n s i t i e s  (Iis/Iii) ap- 
pearing i n  E q .  (1) only contains  incident  l i g h t  l eve l s .  T h i s  

r a t i o  i s  a measurable constant f o r  a given l i g h t  source so 
t h a t  it can be considered as being a cont ro l led  design con- 
s t a n t  f o r  the biosensor.  

Thus, oxygen sa tu ra t ion  c is  l i n e a r l y  r e l a t e d  t o  the 
0 

r a t i o  of the backscattered l i g h t  i n t e n s i t i e s  a t  the i sosbes t i c  
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and s igna l  wavelengths. This l i n e a r  r e l a t ionsh ip  is v a l i d  
independent of hematocrit (red blood c e l l  concentrat ion) ,  
blood flow ve loc i ty  o r  species d i f fe rences  i n  hemoglobin. 

D. BIOSENSOR IMPLEMENTATION 

A block diagram of a biosensor system is shown i n  Fig.27. 
The required l i g h t  i n t e n s i t i e s  Ii a t  the  i sosbes t i c  wave- 
length and Is a t  the  s ignal  wavelength a re  generated by the  
l i g h t  source and power supply. ( A t  a fu r the r  s t a t e  of devel- 
opment t h i s  l i g h t  source would cons i s t  of miniature i n j e c t i o n  
laser diodes powered by a l o w  vol tage supply. In jec t ion  lasers 
are an e f f i c i e n t  l i g h t  source requi r ing  a minimum exc i t a t ion  
power. They a r e  of s m a l l  s i ze  and low weight and produce l i g h t  
over a narrow s p e c t r a l  region.)  
appropriate  o p t i c s  t o  the  blood vesse l  t o  which the  t ransducer  
is c lose ly  coupled. A f r ac t ion  of the  l i g h t  generated by the  
l i g h t  source (Iii and Iis) is sensed by the  " incident"  pho- 
tode tec tors  which a r e  combined i n  a br idge c i r c u i t  arrangement, 
t o  form the r a t i o  of the  incident  l i g h t  l e v e l  a t  the  s igna l  
wavelength t o  the  incident  l i g h t  l e v e l  a t  the  i sosbes t i c  wave- 
length (Iis/Iii). This e l e c t r i c a l  s igna l  is fed back t o  the  
l i g h t  source power supply i n  an appropriate  manner t o  main- 
t a i n  the  r a t i o  

The l i g h t  is t ransmi t ted  by 

(Iis/Iii) equal t o  unity.  

As a r e s u l t  Eq. (1) can be rewr i t ten  i n  the  form 

'bi 

'bs 
C = B + A * -  
0 

A por t ion  of the l i g h t  t ransmi t ted  through the  blood 
vesse l  w a l l  i s  backscattered by the  blood and co l lec ted  by 
t h e  backsca t te r  photo-detectors. These photo-detectors are 
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a l s o  combined i n  a br idge c i r c u i t  arrangement t o  obtain the  
backscatter r a t io  Ibi/IbS T h i s  s i g n a l  is then amplified 
by an amount A , and a b i a s  network i s  employed t o  add the 

constant  term B as required by Eq. ( 2 )  above. The output  
is, therefore, a d i r e c t  measure of oxygen sa tu ra t ion ,  c 

0 -  

E .  PROTOTYPE CONSTRUCTION 

O p t 0  Electronic  Devices, Incorporated (OED) , a photo- 
c e l l  manufacturing f i r m  i n  Mountain V i e w ,  Ca l i forn ia ,  fabri- 

ca ted  two prototype devices t o  implement the above. Because 
of the modest budget avai lable  f o r  prototype construct ion,  
these devices have no t  i n  any way been optimized w i t h  re- 
gard t o  individual  components o r  t o  s i z e .  R a t h e r ,  they  w e r e  
constructed t o  prove f e a s i b i l i t y  and t o  inves t iga t e  any 
anomalous o r  unpredicted effects tha t  might be observed. 

A photograph of the OED prototype model is shown i n  
Fig.  28. A drawing of the i n i t i a l  OED prototype design is  
shown i n  Fig.  29. Changes i n  configurat ion incorporated i n  
the second OED prototype constructed are i l l u s t r a t e d  i n  
F ig .  30.  The basic configuration se l ec t ed  w a s  the one tha t  
permitted’coupling the l i g h t  c lose ly  t o  the blood vesse l  
and placing the photocel l  as  close t o  the vesse l  as  poss ib le  
t o  maximize ava i lab le  s igna l  energy. 

Prototype Model 2 (Fig.  3 0 )  proved t o  be a m o r e  sa t is-  
f ac to ry  construct ion.  I n  t h i s  configuration, a t h i n  alumi- 
num s t r u c t u r e  acted a s  the lamp reflector, ce l l  i so la tor  
and support .  The incident  l i gh t  cel ls  w e r e  enclosed by an 
outer  r e f l e c t i v e  shield which a l s o  served t o  anchor the 

leads  and the cable. These inc ident  l i g h t  cel ls  w e r e  lo- 
cated on the back surface of the aluminum i s o l a t o r  and sup- 
p o r t  so tha t  thermal contact w a s  maintained. 
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Fig.  28 OED Prototype Model, Vessel Oximeter 
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Leads from each ce l l  were ind iv idua l ly  brought out t o  

allow maximum f l e x i b i l i t y  i n  the measuring c i r c u i t s  i n  order 
that  d e t a i l e d  performance could be s tudied.  Future sensors  
would include i n t e r n a l  bridge c i r c u i t  connections and thus  
requi re  f e w e r  leads t o  external  apparatus.  

Epoxy r e s i n  w a s  used t o  encapsulate the e n t i r e  assembly. 
The s a m e  r e s i n  with carbon black f i l l e r  w a s  used t o  form a 
l i gh t  t i g h t  coa t ing  over selected por t ions  of the transducer 
s t r u c t u r e .  

The photocel ls  w e r e  recognized as being major components 
of the system. The cel ls  chosen w e r e  OED photoconductive 
ce l l s  of class 1 1 - V I  compound w h i c h  w e r e  of small s i z e ,  high 
s e n s i t i v i t y ,  low noise or  thermally stable. These cells 
u t i l i z e d  ava i l ab le  manufacturing techniques and f ac i l i t i e s .  
Techniques t o  furn ish  ce l l s  w i t h  higher reso lu t ion  o r  of 
smaller s i z e  would be appropriate t o  a l a te r  s tage  of develop- 
ment. Such improvements would requi re  advancing the a r t  and 
hence are beyond the current  scope of the i n i t i a l  phase of 

t h i s  program. 

Numerous cel ls  of several  material compositions w e r e  
made, t e s t e d  and evaluated a t  OED. It w a s  then decided that  

ce l l s  of one specific mater ia l  could be used w i t h  appropriate  
l i g h t  f i l t e r s  t o  provide both the 660 m(l. and the 805 m(l. re- 
sponses. This minimizes e f f e c t s  of temperature va r i a t ion  
and long term d r i f t .  Normalized response curves of the 

660 and 805 ce l l  f i l t e r  combinations are shown i n  
Fig.  31. While these spectral characteristics w e r e  not op- 
t i m a l ,  they w e r e  considered s u i t a b l e  f o r  t h i s  preliminary 
f e a s i b i l i t y  study . 

The spectral region of i n t e r e s t  is  one w h e r e  tungsten 
fi lament lamps supply m a x i m u m  r ad ian t  e f f i c i ency  r e l a t i v e  
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I 

t o  other  r ead i ly  ava i l ab le  sources,  The lamp se l ec t ed  w a s  
a miniature incandescent lamp ra t ed  a t  5 V and 0.060 A ,  

make m a x i m u m  use of the l i g h t  ava i l ab le ,  a r e f l e c t o r  w a s  
used with an a r r ay  of 2 lamps operat ing i n  parallel. O p e r a -  

t i o n  a t  reduced voltage w a s  planned t o  reduce the t ransducer  
temperature rise t o  a minimum, and a l s o  t o  maximize component 
l i fe .  Multiple lamps a l s o  allow the transducer t o  be effec- 
t i v e  even i f  one lamp fails. 

To 

A s  i l l u s t r a t e d  i n  Fig. 26, t he  two wavelength regions 
used w e r e  i n  the deep red (about 660 w )  and near infra-red 
(805 w) regions mainly f o r  t h e  sake of expediency; dyed 
ge la t ine  f i l ters  were employed. These have the advantage of 
being r ead i ly  ava i l ab le  i n  a form which could be c u t  and ce- 
mented t o  the ce l l  surface without adding bulk.  

Test ing of the transducer components w a s  done a t  sev- 
eral  s t ages  of construct ion.  The response of spec i f i c  cell- 
f i l t e r  conibinations was measured w i t h  respect t o  a tungsten 
source. For t h i s  test a gra t ing  spectrometer w a s  used a t  a 
spectral width of approximately 7 mp. Resul ts  of t h i s  tes t  
a r e  shown i n  Fig.  31. 

F. PRELIMINARY EXPERIMENTAL STUDY OF PROTOTYPE SENSOR 

The prototype sensor described i n  the previous sec t ions  
has been examined by employing a blood flow c i r c u i t  cons i s t -  
ing  of a r o l l e r  pump, a bdbleoxygenator  and flow condui ts  
of tygon tubing. The transducers  w e r e  placed i n  the  flowing 
s t r e a m  of blood a t  a d i l a t e d  por t ion  of the flow network, 
and a 3-way stopcock w a s  placed j u s t  beyond the prototype 
t ransducers  t o  withdraw samples of blood f o r  determination 
of oxygen sa tu ra t ion  by standard spectrophotometric tech- 
niques. Oxygen and nitrogen, piped i n t o  the oxygenating 
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chamber, w e r e  mixed i n  varying r a t i o s  t o  vary blood oxygen 
sa tu ra t ion  over a w i d e  range of values .  Current t o  the l i g h t  
source,  hematocrit and pH w e r e  a l l  monitored. A s  noted pre- 
viously,  i n  order t o  study the detai ls  of prototype per- 
formance, completion of the bridge configurat ions w a s  not  
m a d e  w i t h i n  t h e  transducer.  Leads f r o m  each ce l l  w e r e  
brought out s o  t h a t  the res i s tance  of each photocel l  could 
be separately measured. 

The r e s u l t s  obtained from these preliminary measurements 
on whole blood indicated tha t ,  as  t h e o r e t i c a l l y  predicted 

i n  Sec. V-C and Appendix V-A f o r  a constant  hematocrit, (1) 
t h e  660 mp, s i g n a l  photocel l  r e s i s t ance  monotonically de- 
creased as blood oxygen sa tu ra t ion  w a s  increased and, ( 2 )  
the 805 mp, photocel l  r e s i s t ance  remained e s s e n t i a l l y  constant  
as blood oxygen sa tu ra t ion  w a s  increased.  I n  addi t ion,  
photocel l  res i s tance  measurements w i t h  the s a m e  sensor w e r e  
made f o r  a constant  oxygen sa tu ra t ion  of 100 per cen t  and 
var ious hematocrit  l eve l s .  Again, as t h e o r e t i c a l l y  pre- 
dicted (see Eq. (8) i n  Appendix V-A) the 805 mp photocel l  
r e s i s t ance  increased monotonically as the  hematocrit  w a s  in-  
creased. 

These experimental r e s u l t s  s h o w  tha t  a sensor of t h i s  

general  design i s  inherent ly  capable of producing output 
s i g n a l s  which can be used as a measure of both (1) the oxy- 
gen sa tura t ion  of whole blood e s s e n t i a l l y  independent of 
hematocrit and ( 2 )  the hematocrit  of whole blood e s s e n t i a l l y  
independent of oxygen sa tu ra t ion .  Additional experimental  
research is required t o  determine t h e  operat ing character- 
istics of t h i s  sensor when it is employed on a blood vesse l  
as a blood oxygen sa tu ra t ion  sensor and/or an hematocrit 
sensor .  
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APPENDIX V-A 

A SIMPLIFIED DERIVATION OF THE EQUATION RELATING 

BACKSCATTERED LIGHT TO OXYGEN SATURATION 

S t a r t i n g  w i t h  Lambert's Absorption Law f o r  a unidimen- 
s i o n a l  m o d e l ,  we can w r i t e  

-at I = I .  € 
1 

w h e r e  I is the l i g h t  i n t ens i ty  tha t  emanates from a material 
w h i c h  is i l luminated w i t h  an incident  l i g h t  i n t e n s i t y  Ii J 

t is the thickness of the material and a is the absorption 
c o e f f i c i e n t  of the mater ia l  a t  the wavelength of incident  
l i g h t .  

I n  general ,  due t o  absorption i n  a given mater ia l ,  the  

l i g h t  i n t e n s i t y  a t  a given depth x f o r  an i n i t i a l  i n t e n s i t y  
a t  x = O+ of is 

-ax Ix = Ii E: 

When backscat ter ing is present,  the t o t a l  l i g h t  i n t e n s i t y  
backscat tered by a layer  of depth dx located a t  x is  

dx -ax Ii R € 

w h e r e  R is the backscattering ( o r  r e f l e c t i o n )  c o e f f i c i e n t  
fo r  the m e d i u m .  In  t rave l ing  back t o  x = 0 ( t h e  su r face ) ,  
t h i s  backscattered l i gh t  is  at tenuated f u r t h e r  by an amount 
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t-CIX . Thus, the  t o t a l  backscattered l i g h t  i s  given by 

I i R  
& = -  -2ax 

'b = IIi R 2 a  
0 

( 4 )  

assuming t h a t  a l l  backscattered l i g h t  is  co l lec ted .*  Typi- 
c a l l y  f o r  blood, the  penetrat ion depth need not be la rge .  
In  f a c t ,  Eq. ( 4 )  has been shown t o  be v a l i d  f o r  penetrat ion 
depths of 3mm and the r a t i o  of backscattered t o  incident  
l i g h t  l eve l  ( the backscat ter  r a t i o )  i s  

i . e . ,  10 per cent  of the incident  l i g h t  i s  backscattered. 

Now, from B e e r ' s  Law, the absorption c o e f f i c i e n t  i s  
a c t u a l l y  composed of the sum of the absorption c o e f f i c i e n t s  
for  oxyhemoglobin and reduced hemoglobin. Thus, f r o m  Beer's 

Law, 

0 + 

a = a  ( 5 )  

w h e r e  

5 absorption c o e f f i c i e n t  f o r  oxyhemoglobin 

= absorption coe f f i c i en t  f o r  reduced hemoglobin. 
aO 

'r 

W e  note,  however, tha t  the absorption c o e f f i c i e n t  u is de- 
pendent a l so  upon the hemoglobin concentration. I n  order t o  
s h o w  t h i s  dependency e x p l i c i t l y ,  w e  def ine  the following 
parameters 

These same r e s u l t s  are obtained f o r  a three-dimensional 
m o d e l .  
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- uo = w EoCo 

- 
U, = w ErCr 

w h e r e  

W f  

W i t h  these 

the average weight of hemoglobin per u n i t  volume 
i n  the i l luminated region, 

the specific ext inct ion coe f f i c i en t  of oxyhemoglobin 

the spec i f i c  ext inct ion coe f f i c i en t  of reduced 
hemoglobin 

r e l a t i v e  concentration of oxyhemoglobin, 

oxygen sa tura t ion  (as  a f r a c t i o n ) ,  

r e l a t i v e  concentration of reduced hemoglobin. 

de f in i t i ons ,  the specific ex t inc t ion  coe f f i c i en t s  
are independent of hemoglobin concentration, 
and 100 X Co 

sample of blood tha t  i s  i l luminated. Thus, combining E q s .  

( 4 )  (Lambertfs Law) ,  (5 )  (Beer 's  Law)  and ( 6 )  ( d e f i n i t i o n  
of specific ex t inc t ion  coe f f i c i en t )  w e  obtain the r e s u l t  

Co + Cr = 1 , 
i s  the percent of oxygen sa tu ra t ion  i n  the 

t 

. R  - "b - -  
Ii 2w[E,Co + E r C r l  

and s ince  Cr = l-Co w e  can w r i t e  

R - - -  
Ii  %[(Eo - Er)Co + Er] - (7)  
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EO 
I n  general ,  the  s p e c i f i c  ex t inc t ion  c o e f f i c i e n t s  

and Er for  blood a r e  funct ions of l i g h t  wavelength. For 
oxyhemoglobin and reduced hemoglobin t h i s  i s  a l i g h t  wave- 
length (80c  m g )  such t h a t  
usual ly  referred t o  a s  the  i sosbes t i c  wavelength f o r  a twa 
e l emen t  mixture and w e  s h a l l  refer t o  t h i s  wavelength by e m -  
ploying the subscr ip t  "i". Thus,  we w r i t e  

Eo -z E r  . T h i s  wavelength i s  

__ Eo = Er  _- - Ei 

a t  t h i s  isosbestic wavelength (800 w). Also, w e  can now 
w r i t e  Eq. ( 7 )  i n  the form 

Ri 
2w Ei 

- -  'bi - 
I i i  

where 

Ibi E backscattered l i g h t  a t  the i sosbes t i c  wavelength 

I i i  = i n c i d e n t  l i g h t  a t  the i s o s b e s t i c  wavelength 

Ri = Reflection c o e f f i c i e n t  a t  the i sosbes t i c  
wavelength 

Ei = ext inc t ion  c o e f f i c i e n t  f o r  blood (both oxyhemo- 
globin and reduced hemoglobin) a t  t h e  i sosbes t i c  
wave length 

w = average weight of hemoglobin per u n i t  volume i n  
the  i l luminated region. 

Since both Ri and Ei a r e  known cons tan ts  for blood, 
w e  see tha t  by measuring the r a t i o  of backscat tered t o  in- 
c iden t  l i g h t  i n t e n s i t i e s  a t  the i sosbes t i c  wavelength, w e  
ob ta in  a d i r e c t  measure of the t o t a l  weight of hemoglobin 
per  u n i t  volume, independent of t he  oxygen sa tu ra t ion  present. 
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Now, i f  a (simultaneous) second measurement is  ,made a t  

a second ( s igna l )  wavelength denoted by the subscr ipt  "s", 
we obtain 

- -  RS I b S  - 
'is 2w[(Eos - Ers)Co + E r S ]  

Combining Eys. (8) and ( 9 )  and solving Co 

= B + A  'bi'is 

'ii'bs cO 

w h e r e  

w e  obtain 

( 9 )  

Also, f o r  the l i g h t  wavelengths of i n t e r e s t ,  it has been  
shown tha t  Rs = Ri . 

Thus, s ince  the specific ex t inc t ion  c o e f f i c i e n t s  f o r  
oxyhemoglobin and reduced hemoglobin are known, oxygen sat- 
ura t ion  Co is obtained by measuring the r a t i o s  of incident  
t o  backscattered l igh t  leve ls  a t  two d i f f e r e n t  wavelength 
as shown i n  Eq. (10). 
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V I ,  EVALUATION OF IMPLANTABLE TRANSDUCERS FOR 

BLOOD PRESSURE MEASUREMENT 

A. TRANSDUCERS 

I n  the  experimental assessment of the e f f e c t s  of sus-  
t a ined  space f l i g h t  on card iovascular - resp i ra tory  physiology, 
the measurement of l e f t  ven t r i cu la r  o r  a r t e r i a l  blood pres- 
sure  would be most usefu l  (Fig.  3). While chronic measure- 
ment of vascular o r  a r t e r i a l  p ressure  has been performed by 
means of small p l a s t i c  cannulae l e f t  i n  a h e a r t  chamber o r  
per iphera l  a r t e ry ,  t h i s  method is  not  s u i t a b l e  f o r  o r b i t a l  
experiments. The p o s s i b i l i t y  during the lengthy per iods de- 
manded by such an experiment, of a cannula becoming plugged 
with a blood thrombus o r  being pul led  out  by the  experimen- 
t a l  animal with consequent hemorrhage, is  almost a ce r t a in ty .  
Consequently, during t h i s  repor t  per iod a s  p a r t  of the  gen- 
e r a l  program, t h i s  Laboratory has evaluated a number of com- 
merc ia l ly  avai lable  pressure t ransducers  t h a t  might be s u i t -  
able  for  chronic implantation i n  experimental animals. 

O f  the  commercially ava i lab le  pressure  t ransducers  su r -  
veyed, only two appeared s u i t a b l e  f o r  evaluat ion.  One of 
these was a cuff-type device fabr ica ted  by the  Bio-Metrics 
Instrument Corporation of Plano, Texas and the o ther  a mini- 
a tur ized  s i l i c o n  diaphragm device manufactured by Micro Sys- 
t e m s ,  Inc.  , San Gabriel ,  Cal i forn ia .  

The transducer manufactured by Bio-Metrics Instrument 
Corporation is  a s l o t t e d ,  s t a i n l e s s  s t e e l  cu f f  (F ig .  32). 
Two semi-conductor s t r a i n  gauges or ien ted  a t  r i g h t  angles t o  
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eaeh other  a re  bonded t o  one cuff wa l l  t h a t  has  been ground 
down t o  a very t h i n  cross sect ion.  When the  c u f f  is im- 
planted around an a r t e r i a l  ves se l  t he  pressure changes within 
the  a r t e ry  a re  t ransmit ted t o  the extra-vascular cuff  and d is -  
t o r t  one of the s t r a i n  gauge elements. The second element, 
a t  r i g h t  angles t o  the  f irst ,  serves  as a temperature compen- 
s a t i n g  element when used i n  a br idge configuration. A t h i n  
f i l m  of r e s i l i e n t  pro tec t ive  coat ing covers the  e n t i r e  cu f f .  
I n  appl icat ion,  a cuff such as t h i s  could be implanted around 
any convenient s m a l l ,  medium, o r  la rge  a r t e r y  t o  continuously 
monitor a r t e r i a l  pressure.  

The pressure transducer fabr ica ted  by Micro Systems, Inc. 
(Fig.  33) d i r e c t l y  measures pressure by means of a miniature 
s i l i c o n  diaphragm w i t h  four  ac t ive  elements formed by s o l i d  
s t a t e  diffusion.  The e n t i r e  sensing element i s  only 0.090 in .  
i n  diameter and i s  hermetical ly  sealed i n  a s m a l l  c y l i n d r i c a l  
m e t a l  housing which i s  gold plated.  A small  pocket of trapped 
a i r  behind the  diaphragm allows t h e  d isk  t o  f l e x  with var ia-  
t i o n s  i n  blood pressure.  The four  s t r a i n  elements a re  in t e r -  
n a l l y  connected i n  a br idge configuration and leads are brought 
ou t  f o r  exc i ta t ion ,  s igna l  output and for connection of an ex- 
t e r n a l  balancing resistor. 

In  appl icat ion,  t h i s  device would probably be implanted 
i n  the  muscle of the  h e a r t  chamber wal l  with the  s i l i c o n  sens- 
ing element s i t u a t e d  beneath t h e  endocardium. Because of the 

an t i - c lo t t i ng  c h a r a c t e r i s t i c s  of s i l i c o n ,  it could probably 
also be q u i t e  s a t i s f a c t o r i l y  in se r t ed  i n t o  a small  branch of 
a m a j o r  a r t e ry  with the  s i l i c o n  t i p  posit ioned f lu sh  with the  
major a r t e r i a l  channel. Even i f  a t h i n  l aye r  of blood c lo t  
d i d  form i n  t h i s  l a t t e r  arrangement, there should be no appre- 
c i ab le  de t e r io ra t ion  of the  pressure s igna l .  Such a device 
would a l s o  be s u i t a b l e  f o r  measurement of i n t r a p l e u r a l  pressure 
( I t e m  No .  7, Fig. 4 ) .  
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B. EVALUATION 

In  evaluation of these t ransducers  t he  following test  
program was followed: 

1. Long t e r m  s t a b i l i t y ,  loaded and unloaded, i n  a i r ;  

2. L inear i ty  and hys t e re s i s ;  

3. Temperature s t a b i l i t y ;  

4. S t a b i l i t y ,  loaded and unloaded, i n  d i s t i l l e d  water: 

5. S t a b i l i t y ,  loaded and unloaded, i n  physiological  
sa l ine :  

6. In-vivo t e s t i n g .  

C. RESULTS 

Two u n i t s  of each type w e r e  thoroghly t e s t ed .  The cuff  
type transducer w a s  mechanically stressed (Fig.  34.1, while 
the diaphragm type transducer w a s  s t r e s sed  with compressed 

a i r  (Fig.  3 5 ) .  

When t e s t e d  i n  a i r ,  both t ransducers  exhib i ted  s a t i s f a c -  
t o ry  c h a r a c t e r i s t i c s  with regard t o  s t a b i l i t y ,  r e p e a t a b i l i t y ,  
l i n e a r i t y ,  and hys t e re s i s .  However, during s t a t i c  tests 
while immersed i n  d i s t i l l e d  water, the diaphragm type t rans-  
ducers suf fered  e l e c t r i c a l  breakdown. Breakdown t y p i c a l l y  
occurred within one t o  two days a f t e r  immersion. The cuff  
type transducers performed s a t i s f a c t o r i l y  i n  d i s t i l l e d  water 
bu t  suffered e l e c t r i c a l  breakdown i n  i so ton ic  s a l i n e .  

All u n i t s  w e r e  re turned t o  their  manufacturers with a 
r epor t  of the tes t  r e s u l t s .  The manufacturers a r e  cu r ren t ly  
inves t iga t ing  better methods f o r  p ro tec t ive  coating. Each 
of these  transducers may prove s a t i s f a c t o r y  i f  they can be 

adequately protected from t i s s u e  f l u i d s .  
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